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Chapter 1 
From the Machinery of Life to 
Artificial Molecular Machines 
 
An overview of the literature studies, covering development of several types of 
artificial molecular machines, which were inspired by nature and are of potential 
use in the nanotechnology field, was described. The main part concerned the 
construction of artificial molecular machines (molecular rotors and molecular 
motors) in solution systems. The final part of this chapter provided a short overview 
regarding the applications of artificial molecular systems, and their high potential 
towards the development of advanced molecular machinery using nanoscale 
motion. 
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1.1   Introduction 
The molecules that life is built upon, both whole organisms and cells, still mysterify, 
despite the advances made in molecular science over the last century. For scientists, it is 
difficult to visualize and comprehend how nature’s molecular machines work. These tiny 
machines are fundamentally different to those in the macroscopic world of everyday life. 
Not simply by the billion-fold difference in size but also by the fact that the molecules in 
living cells perform their job in a world alien to us and hence we must be cautious in our 
attempts to understand and rationalize the processes behind directed molecular motion. The 
Newtonian physics and mechanics that allows us to understand the motion of objects in 
everyday life (gravity, friction and temperature) fails at the molecular nano-scale. 
Individual molecules are chaperoned, sorted, and shuffled from one place to another, and 
are used to build entirely new molecules. It is nanoscale molecular machines, such as ATP 
synthase,
1 that are responsible for life’s nanoscale processes. As with the machines of our 
macroscopic world, these machines perform specific tasks efficiently and precisely. These 
tasks need to be performed with molecular-sized objects and the molecular machines in 
cells have been optimized to work at the atomic level. Of particular interest are the 
biomolecular motors that are equipped with catalytic systems that can convert chemical 
energy to produce stepwise linear or rotary motion.
2 
In the last few decades, scientists attempted to manipulate these complex biological 
machines outside the cell to perform work. Designing and building new and powerful 
artificial nanoscale motors and propulsion systems are one of the major challenges. Recent 
research to address these challenges has been covered in several reviews.
3 In addition to the 
motility of artificial machines, another challenge is to keep the machines going in a 
controlled direction in order to navigate them towards their target or allow them to perform 
certain functions. However, it is challenging to control the directional motion of artificial 
molecules because of the combination of Brownian motion
4 and low Reynolds numbers
5 
(where viscosity dominates). The random and thermally driven movements (Brownian 
motion), which cause all components to move, vibrate and rotate incessantly and randomly 
at temperatures above 0 Kelvin,
6 is the dominant factor at the molecular level.
7 
Consequently, achieving such precise transient and spatial control of motion at the 
nanoscale, including fine tuning of the motor speed and activation process, requires 
innovative methods of regulating the motor activity or its fuel supply. Moreover, the major 
challenge in designing artificial molecular motors does not lie only in achieving motion, but 
also in controlling their operation especially their directionality.
8 Furthermore, to control 
movement at this level, Brownian motion must be either exploited or overcome.
9 
In this chapter, we focus on various approaches to control the motion and control the 
speed of artificial nanomotors, particularly in photochemically-, chemically-, and 
electrochemically-driven nanomotors. Taking inspiration from nature’s molecular machines  
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From the Machinery of Life to Artificial Molecular Machines 
in the design and operation of synthetic nanomachines, we have to examine first how nature 
regulates the motion of its functions. By understanding the controlled motion of natural 
motors we hope to be able to convey a precise control of motion on artificial motors 
towards the design of functional nanomachines conducting a wide variety of missions. 
1.2   Molecular machines in living cells 
Biomolecular motors and machines are mechanical molecules and really are nanoscale 
versions of machines that we know and use in everyday life.
10 They are mainly composed 
of proteins, but also comprise nucleic acids and other organic molecules. DNA contains the 
raw code, which is transcribed as a peptide chain by the ribosome. Then the produced 
proteins spontaneously fold into well-defined three-dimensional structures, and many of 
these folded structures associate with each other to form a functional complex system. 
These machines do not use electrical energy, but rather convert chemical energy stored in 
chemical bonds or gradients across membranes into mechanical energy. They are involved 
in an enormous array of important biological processes and without them life would not 
exist. 
Nature has designed plenty of elegant self-assembled systems, and there are many 
types of tracks, which are made of organic molecules as well as many different kinds of 
motors that move along them. One of the main classes of biomolecular motors is a linear 
one whose function is illustrated in Figure 1.
11  
B)
A)
Kinesin: Processive Motor (walking)
Myosin: Non-Processive Motor (hopping)
 
Figure 1. Biomolecular motors can move linearly in either a processive or a non-processive 
manner (Figure reproduced from ref. 11). 
The first type of linear motor is a processive motor, which is persistently contacted 
with the microtubule it moves along (Figure 1a). One example of a processive motor is 
illustrated by the kinesin proteins, which move along microtubules.
12 RNA polymerase
13 
and DNA helicase
14 are also linear processive motors. Contrary, there are also non-
processive motor types, which detach from the tract and subsequently re-attach, and thus  
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can be seen as hopping along the line instead of walking (Figure 1b). These motors include 
myosin,
15 which binds to actin filaments and generates the force contraction in muscle 
tissue
16 and it was also found in the dynein proteins that transport cargo along microtubules 
in the opposite direction to kinesin.
17 
One of most common types of motors we face in everyday life is the rotary motor. A 
car engine is an example which employs a rotary motor. However this is not comparable to 
nanoscale motor in nature for instance the bacterial flagella,
18 shown in Figure 2. This 
flagella can spin at an incredible rate; 18,000 rotations/second, where the rotation of a rigid, 
helical propeller is driven by a transmembrane chemical gradient.
19 
flagellum
hook
rod
stator
rotor
outer membrane
inner membrane
peptidoglycan
B) A)
 
Figure 2. a) Propeller-like structure of a bacterial flagella motor (Figure reproduced from 
ref. 3d). b) Representation of the rotary motion of the cylindrical rings and drive shaft, 
driven by inward electrochemical gradient of protons and inset shows an electron 
microscopy image of a flagella motor (Figure reproduced from ref. 3e).  
Several bacteria, such as Escherichia coli, are equipped with long rotating flagella on 
the outside of their outer cell membrane, which allow them to swim through solution and 
actively search for better living conditions. These flagella are stiff and long (5-10 Pm) 
protein filaments. The rotary bacterial flagella motor is assembled from more than 20 
protein units and is embedded in the bacteria’s cell membrane, where an inner 
electrochemical gradient of ions (proton or sodium) is converted by several torque-
generating stators into a rotary motion of cylindrical rings and central shaft.
20 The system is 
very powerful; it can generate torque more than 10
3 pN·nm, however, it is very sensitive to 
its environment and disassembles into its individual protein units when removed from the 
cell membrane. It is therefore very hard to study the exact operating mechanism that is still 
unknown and obviously also less suitable to use in any nanodevices. 
Another example is ATP synthase (ATPase),
21 which is assembled of proteins 
anchored (F0 unit) in the cell membrane. ATPase is responsible for the synthesis of ATP  
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From the Machinery of Life to Artificial Molecular Machines 
and is powered by a proton gradient across the membrane created by proton pumps (Figure 
3).
22 
Hydrogen ion
H+ H+
H+
ADP and
phosphate
ATP
ATP synthase
F1
F0
H+
H+
Membrane
Stator
Axle
 
Figure 3. ATP synthase is composed of two rotary motor units (F0 and F1) connected by an 
asymmetric axle. Flow of hydrogen ions through the bottom motor, which is embedded in a 
membrane, turns the large cylindrical rotor (F0). This is connected to the axle, forcing it to 
turn inside the second motor (F1) at the top (Figure reproduced from ref. 22). 
Every time an ATP molecule is synthesized the head of ATPase rotates by 120° 
clockwise-rotation, making this protein a very small and very efficient nano-propeller. 
Remarkably, this complex can also work in reverse, using the energy of ATP hydrolysis to 
drive the reverse rotation (counterclockwise rotation) of the F1 motor and subsequently 
pump protons against their electrochemical gradient. ATPase is still a challenging example 
to study as its structure collapses after separation from the cell membrane. In a noticeable 
example where these biomotors (ATPase) were used outside the cell, a 2 Pm-long 
fluorescent actin filament was attached to the F0 subunit of ATPase.
23 The F0F1 ATPase 
was connected to a surface via histidine tags introduced in the F1 unit. Addition of ATP 
caused the rotation of actin filament on surface immobilized F0F1 ATPase, which was 
visualized by fluorescence microscopy. Experiments have shown that ATPase rotates at 17 
revolutions per second (r.p.s) and its rotary motion generate a torque of ~44 pN·nm.
23     
Consequently, the E. Coli ATPase has been used to construct an inorganic-biological 
hybrid device bearing an ATP-powered nickel propeller (Figure 4a).
24 Feeding ATP 
molecules to this system activates the ATPase whose J-subunits begin to rotate, pulling its 
nickel propeller with it in concerted rotation. A series of optical micrographs (Figure 4b)  
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shows the nickel propeller rotates in a counterclockwise fashion when ATP is supplied to 
the system. The calculated torque on the device was ~20 pN·nm for the 750 nm-long 
propeller.
24  
nickel propeller coated with streptavidin
ATPase
J-subunits
tagged with biotin 
histidine
nickel post
feeding ATP molecules
to the system
B)
A)
 
Figure 4. a) A schematic of a hybrid organic-inorganic propeller powered by the ATPase 
enzyme. b) Snapshots of a video image showing the synthetic propeller (counterclockwise) 
movement fed by ATP as energy source (Figure reproduced from ref. 24).  
Another example of Nature’s molecular machine, responsible for the basic processes of 
vision is based on a photochemically induced cis-trans isomerization process,
25 which is the 
rotation of about 180° around a carbon-carbon double bond. In the eyes of humans 
(vertebrates), an image of the external world is focused on a single layer of photoreceptor 
cells on the back of the retina. Here the absorption of a light quantum leads to the cis-trans 
isomerization of an 11-cis-retinal unit (1), shown in Scheme 1. 
 
Scheme 1. Cis-trans isomerization of molecule 1 induced by light. 
Upon absorption of a photon, the 11-cis-retinal moiety of structure 1a (Omax = 498 nm), 
having a arch-like structure, is converted into a rod-like 11-trans-retinal unit of structure 1b 
(Omax = 380 nm). The retinal moiety is covalently bound to the protein opsin, via an imine 
bond with the amino acid lysine, together forming the protein rhodopsin. The change of the 
retinal moiety results in a conformational change in the entire protein. The conformational  
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From the Machinery of Life to Artificial Molecular Machines 
change initiates a cascade of reactions during which the 11-trans-retinal unit is released 
from the protein. Simultaneously, a nerve pulse to the brain is generated creating an image 
thus providing a sense of vision. After release, 11-trans-retinal is enzymatically reduced to 
trans-retinol (Vitamin A) and transformed to the 11-cis-retinal to recombine with free opsin 
to form 1a again.
26 With an extremely high quantum yield (ĭ = 0.67) and high reversibility 
(> 10
6 cycles),
27 the cis-trans isomerization of retinal, which is giving humans the ability to 
see, is certainly one of the most fascinating examples of the superb systems created by 
Nature. 
1.3   Artificial molecular machines 
Dynamic biological processes (such as ATPase, muscle contraction (actin-myosin 
complex)
28 and cis-trans isomerization of retinal, in which different forms of energy are 
converted into controlled motion and performed different tasks) are intriguing and have 
been a great source of inspiration for scientists to build artificial systems capable of similar 
functions as in natural systems. Consequently, the “bottom up” approach towards artificial 
molecular machines has emerged in the last decade
29 and is reflected in the rapidly 
increasing number of publications dealing with biological and synthetic nanomotors. 
Especially synthetic nanomachines while being more primitive in comparison to the natural 
analogous may tolerate more diverse ranges of conditions and feature enhanced stability 
than biological machines to offer considerable advantages in the development of complex 
nanomachinery.
30 
1.3.1   Molecular rotors 
1.3.1.1   Molecular shuttle rotaxanes and catenanes 
The name of their compounds is derived from the Latin words rota and axis for wheel 
and axle, and catena for chain. Rotaxanes
31 are composed of a dumbbell-shaped molecule 
surrounded by a macrocyclic compound (“ring”) and ended by bulky groups (“stoppers”) 
that prevent disassembly (Figure 5a, b). Catenanes
31 are made of (at least) two interlocked 
macrocycles (Figure 5c).  
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B)
A)
C)
 
Figure 5. Schematic representation of the motions that can be obtained with simple 
interlocked molecular machines: ring shuttling in rotaxanes (a), and ring rotation in 
rotaxanes (b) and catenanes (c) (Figure reproduced from ref. 31). 
The important features of these mechanically interlocked systems derive from non-
covalent interactions between components that contain recognition sites. Such interactions, 
that are also responsible for the efficient template-directed syntheses
32 of rotaxanes and 
catenanes, include charge-transfer (CT) ability, hydrogen bonding, hydrophobic-
hydrophilic interaction, ʌ-ʌ stacking, electrostatic forces and metal-ligand bonding. The 
first example of a switchable molecular rotaxane was reported in 1994.
33 This system 
comprises a [2]rotaxane 2
4+ with two stations (biphenol and benzidine units) and each of 
these is able to coordinate to a positive charged cyclobis(paraquat-p-phenylene) cyclophane 
(macrocycle), however, at rt rapid shuttling of the macrocycle occurs as in related 
degenerate shuttles.
34 
CF3COOD Pyridine-D5
24+
(2.2H)6+
 
Scheme 2. A first switchable molecular shuttle 2 with two stations (Figure reproduced from 
ref. 8a).  
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From the Machinery of Life to Artificial Molecular Machines 
Cooling solution of complex 2 (CD3CN) to -45°C allowed observation (by NMR and 
UV/Vis spectroscopy) of the two translational isomers in a ratio of 84: 16 in a favor of 
encapsulation of the benzidine station (Scheme 2, top structure). Subsequently, protonation 
of the benzidine residue with CF3CO2D destabilizes its interaction with the macrocycle, 
which resulted in a significant amount of residue on the biphenol station, in a ratio of 2: 98 
(benzidine: biphenol) (Scheme 2, bottom). The system can be reconverted to its original 
state by deprotonation with pyridine-d5. 
This system operates as a controllable molecular shuttle. It exhibited modest positional 
integrity in the deprotonation step, however, a much better binding difference between the 
two stations was required. Inspired by two complexations of 1) the ammonium ions interact 
with the crown ethers and 2) the 4,4’-bipyridinium units that can have charge transfer (CT) 
interact ions with crown ethers, a new series of rotaxanes were developed.
35 The stopper at 
one side of rotaxane is a 3,5-di-tert-butylbenzyl group while an anthracene moiety is used 
as stopper at the opposite side because its absorption, luminescence, and redox properties 
are useful to monitor the different states of the system of molecule 3. Since the hydrogen-
bonding interactions between the macrocyclic ring and the ammonium center are much 
stronger than the CT interactions of the ring with the bipyridinium unit, the rotaxane exists 
only in one of the two possible isomers (Scheme 3a). Deprotonation of the ammonium 
center of (3
.H)
3+ with base (Scheme 3, aĺb) weakens the hydrogen bonding interactions 
and causes the quantitative displacement (ring shuffling) of the crown ethers ring by 
Brownian motion to the bipyridinium unit of 3
2+(Scheme 3, c). 
B)
A)
C)
D)
ring shuttling
(3.H)3+
ring shuttling
32+
n-Bu3N
CF3COOH
 
Scheme 3. A chemically-driven molecular shuttle 3: the ring can be switched between the 
two “stations” by base/acid inputs at rt in MeCN (Figure reproduced from ref. 36).  
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Reprotonation of 3
2+ with acid (Scheme 3, cĺd) leads to movement of the ring back 
on the ammonium unit once again (Scheme 3, a). This switching process has been studied 
in solution by 
1H NMR spectroscopy and by electrochemical and photophysical 
measurements. Notice that this rotaxane 3 is a bistable system and in principle could be 
used to store binary information. Based on the same principle, the two-component 
molecular device 4 was designed and constructed as two-components supramolecular 
bundle (Scheme 4),
37a that behaves like a nanoscale elevator.
37b Compound 4 is ~2.5 nm in 
height and has a diameter of ~3.5 nm and consists of a tripod component containing two 
different stations; one ammonium center and one 4,4’-bipyridinium unit, at different levels 
in each of its three legs. At the end of each of the three legs there are bulky stopper groups 
(3,5-di-tert-butylbenzyl) that prevent the loss of the platform. 
Platform
Tripod component
(4.3H)9+ 46+
 
Scheme 4. Chemical structure of a molecular elevator 4 (Figure reproduced from ref. 37). 
With simple acid/base chemistry, the “up-down” switching property of the platform 
unit between (4
.3H)
9+ and 4
6+ has been observed and can be repeated many times. In 
addition, 
1H NMR spectroscopy, electrochemistry, UV/Vis absorption and fluorescence 
spectroscopy techniques show that the three crown ether units of the platform perform the 
shuttling one at a time.
37c 
Examples of rotaxanes that use a transition-metal (copper) to drive linear motion has 
been reported by Sauvage and co-workers.
38 The different geometry of complexes obtained 
from different oxidation states of the metal can be exploited to bring redox-induced 
shuttling in transition metal-based systems. The preference of Cu
1+ for four-coordinate 
tetrahedral complexes has been widely employed in the synthesis of interlocked 
architectures,
31 as it enforces the orthogonal arrangement of two bidentate ligands which 
can be further elaborated to give rotaxanes or catenanes. A macrocycle complex 5  
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From the Machinery of Life to Artificial Molecular Machines 
containing a bidentate 2,9-diphenyl-1,10-phenanthroline (dpp) unit, is locked onto a thread 
which contains one bidentate phenanthroline (phen) and one tridentate 2,2’,6’,2’’-
terpyridine (terpy) unit. The ring can be switched between the phen- and terpy-units on the 
dumbbell component by controlling the oxidation states of the Cu ions. The Cu
1+ state 
favors a tetrahedral geometry, a requirement which is satisfied when the bidentate phen 
ligands from both the ring and the dumbbell are involved in the chelation. The chelation of 
Cu
1+ ensures that the ring-dpp is positioned over the phen-station in the thread, phen-5
1+ 
(Scheme 5). 
dpp
Cu2+
Cu1+
51+
52+
phen
terpy
 
Scheme 5. Photochemically induced switching of a metal complex-based bistable 
[2]rotaxane 5 (Figure reproduced from ref. 38). 
On the other hand, the penta-coordination of the Cu
2+ state is satisfied by the 
involvement of the phen-ligand from the dpp-ring and the terpy-ligand from the dumbbell 
component. Photochemical or electrochemical oxidation of the complexes Cu
1+ to Cu
2+ 
causes the dpp-ring from the bidentate phen site to the tridentate terpy site along the 
dumbbell component and conversely. Irradiation of the [2]rotaxane 5
1+-Cu(I) with light 
(464 nm) in the presence of an electron acceptor (p-nitrobenzyl bromide) generates less-
stable 5
2+-Cu(II), which relaxes to the stable 5
2+-Cu(II) due to the mechanical movement of 
the ring to the terpy site. Conversely, addition of a reducing agent (ascorbic acid) reduces 
the Cu(II) to Cu(I) state, which, in turn, triggers the return of the ring to the phen site on the 
thread. As a result, the movement of the ring can be powered by hybrid photochemical–
chemical input. Moreover, this switching process can be completely reversed in the  
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presence of tetrabutylammonium tetrafluoroborate (TBABF4). A direct electrochemical 
process involving the Cu(I)/Cu(II) also induces a similar translational motion in rotaxane 5. 
Similarly, the [2]catenane 6 that allows control of linear movement using this strategy 
has been described by Sauvage et al.
39 In Scheme 6, the catenane 6 is shown as an example 
whereby using the electrochemical redox process related to the Cu(I) and Cu(II) 
conversion, it is possible to control which of the two binding sites (pent- and terpy-units) of 
the one macrocycle interacts with another. 
slow, few days
E0 = +0.63 V
phen terpy
Cu2+
Cu1+
E0 = -0.07 V
faster
phen
terpy
-e
e
61+
62+
B)
C) D)
A)
-
-
 
Scheme 6. A catenane 6 constructed around copper; the sliding motion of one ring within 
the other is triggered by the redox process at the metal center (Figure reproduced from ref. 
40). 
The sliding (movement) process has to involve decoordination of the copper at some 
stage. Clearly, the step BĺC is expected to be much slower for Cu(II) than the step DĺA 
for Cu(I) due to the greater charge of the former cation. 
Another type of catanane 7 has been reported by Leigh et al,
41 with the same 
fundamental principles for controlling the position of a macrocycle on a thread in a 
rotaxane.
42 Intramolecular hydrogen bonding is responsible for the preferred conformation 
7a of the catenane shown in Scheme 7 in non-polar solvents. On the other hand in polar 
solvents, competitive hydrogen bonding leads to conformation 7b.  
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DMSO-D6
CDCl3
7a 7b  
Scheme 7. Controlling the position of the macrocycle 7 in bistationed peptide-based 
molecular shuttles; in CDCl3 the macrocycle shuttles between degenerate hydrogen-
bonding stations a. In DMSO-D6 the macrocycle is located at hydrophobic station b (Figure 
reproduced from ref. 41). 
In halogenated solvents such as CDCl3, the two macrocycles of 7 interact through 
hydrogen bonds (7a) whereby each ring adopts a different conformation, one effectively 
acting as the host (convergent H-bonding sites) and the other as the guest (divergent H-
bonding sites). In a hydrogen-bond-disrupting solvent such as DMSO-D6, the preferred 
conformation 7b has the amide groups exposed on the surface (both rings) where they can 
interact with the surrounding polar-solvent, while the hydrophobic alkyl chains are buried 
in the middle of the molecule to avoid disrupting the structure from solvent. 
Among linear controlled motion at nanoscale in catenanes, one of the most remarkable 
examples of this system was reported by Leigh et al.
43 In the first of these two rotors, the 
macrocycle of a [2]catenane
43 could efficiently be shuttled between three stations on the 
catenane. Although it is the first example of selective shuttling between three stations on a 
[2]catenane, no control over the direction could be obtained. In a [3]catenane 8 which 
consists of two small macrocyclic rings and one large macrocycle, directional rotation was 
possible by taking advantage of the simultaneous movement of the two small rings along 
the track of the large macrocycle (Scheme 8a). 
The four stations of the large macrocycle have different hydrogen bonding affinities for 
smaller macrocycles, which are an (E)-fumaramide (station A), a tertiary amide (E)-
fumaramide (station B), a succinic amide ester (station C) and an isolated amide group 
(station D). Upon selective photochemical isomerization, the abilities of the fumaramide A 
and tertiary fumaramide B to form hydrogen bonds are altered due to E- or Z-isomerization 
to give the respective (Z)-fumaramide (A’) and tertiary amide (Z)-fumaramide (B’). The 
affinities of these units toward the smaller macrocycles are then decreased and will be in 
following order A>  B>  C>  D>  A’>  B’. Thus, the thermodynamically most favored 
situation is when the two small rings reside on stations A and B (Scheme 8b, (E,E)-8).    
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Scheme 8. a) Structure of [3]catenane 8 with (E,E)-isomer of a large macro cycle. b) 
Stimuli-induced unidirectional rotation in a four-station of catenane 8 with different 
conditions; (1 or 1’) hQ at 350 nm, (2 or 2’) hQ at 254 nm, and (3 or 3’) ', ethylenediamine 
(cat.) with ' or Br2 (cat.) with visible light (Figure reproduced from ref. 8a). 
Selective irradiation of the station A (step 1) converts it into the weaker hydrogen 
bonding unit A’, and the first small ring (M1) will move from station A’ to C. Selective 
excitation of station B will convert it to B’ and a shift of the second small ring (M2) from 
station B’ to D will follow (step 2). Heating the system, causing the station A’ and B’ to 
revert to A and B once again, will lead to shuttling of the ring M1 back to the station B and 
M2 back to the station A (step 3). At this state, the two small rings have only exchanged 
place, but repeating the same three step sequences will lead to completion of the directional 
rotation (step 1’, 2’ and 3’). The entire process is selective since one small ring, when is not 
moving, blocks one direction of the track for another ring during its movement therefore 
ensuring unidirectionality of the movement. Nevertheless, the systems are also slow as the 
thermal steps require heating to 100°C and proceed at relatively low rates. Moreover, the 
system still requires six separate external stimuli in order to perform only one 
unidirectional rotation. Although demonstrating unidirectional motion these features make 
it difficult to envision an effective nano-device based on this system in the near future.
  
1.3.1.2   Molecular switches: stilbenes, overcrowded alkenes, and azobenzenes 
Molecules with a double bond in the ground state as the axle are usually highly 
hindered rotors due to the high energy barrier for cis-trans isomerization, but they can twist 
upon photochemical excitation to an excited state. Upon returning to the ground state a net  
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rotation can occur and hence, cis-trans isomerization (e.g. stilbenes,
44 rhodopsin,
25a or 
azobenzenes
45). These molecules are also qualified as molecular rotors under the 
definition.
46 Three important classes of synthetic molecular rotors, in which bistability is 
the result of photochemically-induced isomerizations, have been developed.
47 
The photochemistry of stilbene 9 has been studied thoroughly and reversible light 
induced trans-cis isomerizations were observed (Scheme 9).
48 
 
Scheme 9. Photochemistry of stilbene 9 and side products. 
As a prototypical example of this type of system, the photoisomerization of stilbenes 
has been extensively studied for many years.
49 However, application of stilbenes for 
reversible photochemical-switching is limited because of side reactions. Photochemical 
reaction of cis-stilbene 9a resulted in ring closing and subsequent oxidation to provide 10, 
while irradiation of trans-stilbene  9b led to substituted cyclobutane 11 by [2+2] 
cycloaddition reaction. 
Photochromic switching in overcrowded alkenes 12 is also based on light-induced 
isomerization around the central double bond (Scheme 10).
50 The molecular design 
prevents the photocyclization and other undesired photochemical pathways as observed in 
stilbene-type compounds.
48a 
h 1
cis-(P)-12a trans-(M)-12b
Y
X
Y
X
R1 R1 h 2
trans-(P)-12b
Y
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Scheme 10. Overcrowded alkene 12 shows cis-trans photoisomerization and thermal helix 
inversion.   
The unique property of this system is that it consists not only of cis-trans 
isomerization, but also a helix inversion, i.e. between P- or M-helicity. This isomerization  
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behavior makes them excellent candidates for applications as chiroptical molecular 
switches.
51 Their helical shape and the possibility of dynamic interconversion between 
stereoisomers allow photo-induced reversible modification to be expressed and amplified in 
supramolecular architectures i.e. liquid crystals.
52 These overcrowded alkenes later became 
the basis for the light-driven unidirectional molecular motors (see Section 1.3.2.2).
53 
Azobenzenes were also among the first classes of molecular switches reported that 
undergo reversible photo-induced cis-trans isomerization.
54 Two stable states for 
azobenzene 13 have been described (Scheme 11).
55 
 
Scheme 11. Cis-trans isomerization of azobenzene 13. 
The trans-isomer (13a) was changed into the cis-isomer (13b) by photoirradiation with 
UV-light. The reverse reaction can be completed by visible-light irradiation. A serious 
drawback of this system is the possible thermal isomerization from the cis- back to the 
trans-isomer because of a low Gibbs free energy of activation ('
‡G°) for this process 
(barrier in range 50 kJ/mol).
56 An interesting feature is that the cis- and trans-isomers of 
azobenzene have a different spatial arrangement of the aromatic moieties and a large 
difference in dipole moment.
54 Therefore, these azobenzene based-switches have been 
widely used in research toward applications, for instance as optical imaging or data 
storage,
57 photosensitive dendrimers,
58 functionalization of Langmuir-Blodgett (LB) 
films.
59 However, the azobenzenes discussed in this section only pertain to applications for 
molecular machines. 
Due to the interconversion of azobenzenes induced by irradiation at appropriate 
wavelengths, the geometries of molecules incorporating one or more azobenzene units can 
be altered reversibly by the controlled isomerization of these photoactive sites. In turn, 
these structural changes can be exploited to modulate the physical-chemical properties of 
either the molecule itself or their surrounding environment. For example, a molecular plier 
14 which was reported by Aida et al,
60 consists of an azobenzene unit (acting as the 
handle), a ferrocene unit (the pivot point) and two phenyl groups (the blades) as shown in 
Scheme 12. 
The conformational changes induced by a cis-trans azobenzene unit, due to alternating 
photoirradiation with visible and UV-light, are translated into a rotational movement 
around the metal center of the ferrocene moiety acting as the iron “axle”.
61 The ferrocene 
part acts as a pivot since the two cyclopentadienes rotate freely. Although the selectivity of  
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the switching process is not so efficient, the molecular plier 14 can be switched between 
cis- and trans-geometries by alternating the wavelength of irradiation between UV and 
visible-light. 
trans-14 cis-14
trans-azobenzene
strap
pivot blade
UV
Visible
cis-azobenzene
B)
A)
 
Scheme 12. a) Schematic representation of molecular “plier” with open-close motion 
induced by the azobenzene unit. b) Molecular structure of “plier” 14 in which 
photoisomerization of an azobenzene induces a 49° rotation around a ferrocene “pivot” 
(Figure reproduced from ref. 60). 
Subsequently, it was reported that the photochemical reaction upon irradiation with 
light is altered after oxidation of the ferrocene unit from Fe(II) to Fe(III), which make the 
cis-azobenzene to switch back to the trans-azobenzene unit with UV- instead of visible-
light.
62 
As an extension of this research, the design of this dynamic functional nanostructure 
has been taken one step further.
63 This study demonstrates that the motion of one molecule 
of  15 can be utilized to regulate the movement of another molecule 16 via the 
photochemical cis-trans isomerization of an azobenzene unit. Compound 15 bears a zinc-
porphyrin unit at each cyclopentadienyl rings of the ferrocene “pivot”. Since zinc 
porphyrins are known to coordinate to nitrogenous bases, molecular plier 15 can bind with 
bidentate guests such as molecule 16, forming a stable host–guest complex (15+16) 
(Scheme 13a).  
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Scheme 13. a) Photoisomerization of guest-binding molecular pliers (15+16) upon 
exposure to UV and visible light. b) Schematic representation of a sequence of interlocked 
motions of (15+16) triggered by light (Figure reproduced from ref. 63).  
Irradiation of this complex system with UV-light induces the transĺcis isomerization 
of the azobenzene unit. This transformation shortens the distance between the two 1,3-
phenylene rings of the photochromic azobenzene (Scheme 13b), causing a rotation of the 
two cyclopentadienyl rings of the ferrocene (axle). The photochemical-induced motion 
alters the separation and relative orientation of the two attached zinc-porphyrin. These 
light-induced conformational changes in host-guest complex (15+16) lead to the 
mechanical twisting of non-covalently bound bis-isoquinoline rotor 16 in one particular 
direction.  The overall process is fully reversible, and the original state is regenerated after 
irradiation with visible light (Scheme 13). 
In another study azobenzene has been used to modulate the physical-chemical 
properties of its surrounding environment.
64 The cis-trans photoisomerziation of 
functionalized azobenzenes induces a change in the dipole moment and as a consequence in 
the aggregation of these azobenzene molecules (the R-helical aggregates have a larger 
dipole moment than the S-helical aggregates), which determines the hydrophobic and 
hydrophilic nature of the cis- and trans-isomers of functionalized azobenzenes. Moreover, 
azobenzenes have been used to control properties in bulk solvents and surface properties 
including surface free energy,
65 wettability
66 and liquid crystal alignment.
67 In 2009, 
Ichimura et al showed photo-induced reversible surface energy gradients by manipulating a 
surface grafted calix[4]resorcinarene bearing functionalized azobenzene 17 (Figure 6a).
65 
Irradiation with UV-light of the monolayer with an olive oil droplet (Figure 6b) leads to 
interconversion of the trans- to cis-azobenzene which has a higher dipole moment, 
resulting in a high surface energy and spreading of the oil (polar) on top of surface layer  
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(Figure 6c). To compensate this, the oil droplet still on cis-contained surface will move to a 
direction of a higher surface Gibbs free energy area by asymmetrical irradiation in a 
specific surface area with visible-light (436 nm, convert cis- to trans-isomers) as shown in 
Figure 6d. The conversion from cis- to trans-azobenzene by a gradient of visible light will 
cause the oil droplet to move to the higher cis-surface again (Figure 6, d to e). This way, a 
typical speed of 35 Pm·s
-1 was observed for a 2 Pl droplet and the direction of motion of an 
oil droplet was controlled by varying the direction of photo-irradiation (Figure 6f).  
B)
A)
D)
C)
F)
E)
17
 
Figure 6. a) Structure of the functionalized azobenzene with calix[4]resorcinarene 17. b-f) 
The motion of an olive oil droplet upon asymmetric irradiation with blue light (Figure 
reproduced from ref. 65).
  
1.3.1.3   Molecular propellers, gears and breaks 
The early examples of controlled molecular motions discussed in this section involved 
sterically hindered molecules.
68 The idea behind this is that movement in one part of 
molecule is restricted by the presence of the other part of the molecule. In this way their 
movements are interdependent. Prominent examples are the molecular propeller
69 18 and 
molecular gear
70 19 as shown in Figure 7.
71  
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18
B)
A)
19
propeller
bevel gear  
Figure 7. Example of molecular propeller 18 and molecular gear 19 (Figure reproduced 
from ref. 71). 
The molecules composed of two bulky aryl rings, linked to the same carbon atom can 
be regarded as the molecular equivalent of macroscopic propellers or gears. The 
diarylacetic acid derivatives 18 (Figure 7a) has two identical aryl units (as blade) cannot 
rotate independently from each other. One ring in one direction forces the other ring to 
rotate in the opposite direction through single bonds connecting the aryl moieties to a 
carbon atom in the middle. Thus, when one ring rotates clockwise, the other must rotate in 
a counterclockwise manner, and the other way around. Similarly, the molecular gear 19 
(Figure 7b) is based on cooperative motion of two 9-triptycene moieties connected by a 
methylene group. The two triptycene rings of this system behave like the notches of a bevel 
gear. As a result, one will rotate in one direction and other will rotate in the opposite 
direction. There is, however, no control over the direction and speed of rotation in these 
two examples. 
Based on the research of Mislow et al
72 on molecular gear systems, the molecular 
“turnstile” 20 has been reported by Moore et al.
73 In a macrobicyclic molecule consisting of 
acetylenes and benzenes, the rotor units are able or disable to rotate around a bis-acetylene 
axle depending on the size of substituents at the rotor part (Figure 8). When the two 
substituents (R groups) are small, such as hydrogen atoms (20.1), the dynamic process of 
rotation cannot be measured (too fast). Increasing the size of substituents (R= -CH2OMe, 
20.2) allows the rotary process to measure by 
1H NMR spectroscopy at low temperature (-
30°C or lower). The bulky substituents (R= -CH2OAr) in 20.3 do not allow rotation around 
the axis not even at elevated temperatures because of severe steric hindrance. Although the 
speed of rotation can be controlled by substituents, the direction of rotation is still random.  
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turnstiles
20.1; R = H
20.2; R = CH2OMe
20.3; R =
20  
Figure 8. The macrobicyclic molecular turnstiles 20 with controlled rotation by 
substituents at the rotor unit (Figure reproduced from ref. 71). 
The rotations of the molecular rotors 18-20 are controlled by steric hindrance of the 
compounds, in common with the conformational motions around single bonds observed in 
most organic molecules.
46 By contrast, the large amplitude motion associated with a real 
molecular machine has to be controllable. An example of a chemically-controlled rotor is 
compound  21, composed of a 9-triptycene ring and a 2,2’-bipyridine unit, called a 
molecular “break” (Scheme 14).
74 
21a
break-off
21b
break-on
molecular “break”
 
Scheme 14. The molecular break 21 is occupied upon chelating of Hg
2+ with the bipyridine 
unit and it is released upon addition of EDTA which captures the mercury ion (Figure 
reproduced from ref. 74). 
This rotary system can be controlled using a molecular recognition event. Initially, in 
21a unhindered rotation of the triptycene moiety relative to the bipyridine unit is possible. 
When mercury ion (Hg
2+) is added to the system, the metal-complex locks the bipyridine 
moiety as in 21b shown in Scheme 14. Adjusting the planar conformation in the complex 
effectively pauses the rotation of the triptycene unit like putting a stick between spokes of 
the wheel. The molecular break-on 21b can be released again by adding EDTA to the 
solution. Certainly, removal of metal unlocks the conformation of the bipyridine unit, thus 
letting the triptycene part freely-rotate again. Still, this system lacks preferential directional 
(unidirectional) rotation for the rotor part of the molecule.
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1.3.2   Molecular motors 
1.3.2.1   Chemically-driven molecular motors 
As shown in the previous example, the molecular machinery developed by Kelly et al 
makes use of steric hindrance to control rotation in molecule 21.
74 Additional 
functionalities are included into the molecule empowering them to respond to external 
stimuli. Based on this principle, a molecular motor 22 was synthesized and studied by Kelly 
et al.
75 This chemically-driven motor 22 has a helicene moiety acting as a stator which is 
connected to the three-bladed triptycene “rotor” unit by a single bond (Scheme 15). The 
Gibbs free energy of activation ('
‡G°) for a 120° rotation, during which the one-bladed 
rotor moiety passes the helicene stator, lies around 25 kcal mol
-1. 
The barrier was significantly lowered by activation of the rotor by addition of 
phosgene (COCl2). The amine from triptycene unit was converted into isocyanate 23 and 
random Brownian motion within 23 brought the isocyanate moiety closer to the hydroxy 
group of helicene unit (intermediate 24) and results in ring closure to form urethane 25. The 
undesirable, strained conformation in which the molecule was caught after formation of 
urethane linkage, was responsible for the following 120° unidirectional rotation of 
triptycene which slipped past the part of helicene and ended up in a more stable 
conformation 26. In the final step, the urethane bond was cleaved which simultaneously 
completed the chemically-driven rotation of motor 22 to 27.  
22 23 24
25 26 27
rotation
rotation
 
Scheme 15. Chemically-driven 120° unidirectional rotation of based-triptycene motor 22 
(Figure reproduced from ref. 75).  
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Another example of chemically-driven unidirectional rotation of motor has been 
performed by Branchaud et al.
76 This functionalized motor 28 is composed of biaryl and 
lactone moieties as shown in Scheme 16. 
 
Scheme 16. Chemically-driven 180° directed rotation of aryl-aryl bond of functionalized 
motor. 
The idea was to use a nucleophile to chemically-drive a rotary motion around an aryl-
aryl bond of lactone compound 28 (racemic mixture)
77 in a preferential direction. Tri-ortho-
substituted chiral biaryl lactone (S)-28 underwent diastereoselective ring cleavage via 
nucleophilic attack to afford (R,S)-29 in excess (stoichiometry), resulting in a 90° clockwise 
aryl-aryl bond rotation. The absolute direction of the initial 90° rotation can be controlled 
completely through the chirality of (S)-28 and the kinetics of the atroposelective lactone 
ring opening.
78 Through chemoselective carboxylic acid activation, relactonization led to 
the (S)-30. This results in another 90° clockwise turn about the aryl-aryl bond from (R,S)-29 
resulting in a total 180° unidirectional rotation relative to (S)-28. In order to achieve 360° 
unidirectional rotation around the aryl-aryl bond, the hydrolysis of the cumylamide moiety 
(R group) of compound (S)-30 had to be pursued, however, no reaction occurred. Thus, 
experimental conditions have not yet been discovered to complete an iterative directed 
bond rotation process in this system. To qualify as a molecular motor, the ability to perform 
a full 360° unidirectional rotation, which preferably can be continued by the system with 
repetitive cycles, is necessary. Despite a considerable effort, this has not been achieved yet 
with these particular compounds 22 and 28. 
In contrast two general synthetic designs have been developed to achieve a chemically-
driven full 360° unidirectional bond rotation: 1) the enantioselective catalytic reduction of a 
biaryl-lactone 31 and chemoselective relactonization requiring a total of 10 synthetic steps, 
accomplish a full 360° unidirectional rotary cycle once about the aryl-aryl bond
79 and (2) 
the photochemical double bond isomerizations and multiple chemical transformations  
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allowed directional rotation about two fused macrocyclic ring systems in catenanes 32
80 as 
shown in Figure 9. 
O PMBO
O
31
32
B)
A)
rotor
stator
 
Figure 9. Rotary molecular motors 31 and 32 in which a sequence of steps results in a full 
360° unidirectional movement around the central axle and stator (Figure reproduced from 
ref. 79 and 80, respectively). 
Although the design of both molecular motors 31 and 32 are very elegant and they are 
the only examples of a controlled 360° unidirectional movement driven by chemical 
reactions as for 31 and by a combination of photochemical and chemical-steps for 32, the 
systems have some disadvantages. For each single 90° movement, a number of different 
stimuli are required. Nevertheless, the molecules are elegant examples which demonstrate 
that unidirectional rotation can be performed by a proper choice of molecular geometry and 
chemical transformations (see more details of compounds 31 and 32 in Chapter 4). 
1.3.2.2   Photochemiclly-driven molecular motors 
In last decade, many molecules with photochemically-induced unidirectional motion, 
related to overcrowded alkenes of both first- and second-generation motors, have been 
synthesized and studied (see more in Chapter 2).
81 The light-driven molecular motors show 
a full 360° unidirectional rotational motion wherein the direction of rotation is controlled 
by the stereogenic center in the molecule.
82 For instance, the second-generation molecular 
motor 33
81f operates using an upper-half called the rotor with a chiral moiety (methyl group  
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at 2’-position), which is connected by a central double bond (axle) to the asymmetric lower-
half called the stator (Scheme 17). 
Meax
MeO
MeO
Meax
MeO
Meeq
MeO
Meeq
rotor
stator
axle
Top view
axle
'‡G = 85 kJ/mol
t1/2 = 3 min
 
Scheme 17. Full 360° unidirectional rotary cycle of a second-generation light-driven motor 
33. 
With this system, the unidirectional rotation of molecular motor 33 is performed 
through a four-step switching cycle: two photochemical cis-trans isomerizations (step 1 and 
3) and each followed by a thermal helix inversion process (step 2 and 4). The 
interconversion of all four isomers was followed and verified by 
1H NMR and UV/Vis 
spectroscopies and the directionality by CD spectroscopy. Upon irradiation of stable trans-
(P)-(R)-33 with UV-light (365 nm), energetically uphill cis-trans isomerization as the C=C 
double bond occurs with inversion of helicity (P to M) and conformational change in the 
cyclopentane rings directly attached to the double bond axis, forcing the methyl group to 
take the less-favored pseudoequatorial orientation (Meeq) in unstable cis-(M)-(R)-33. In 
order to regain the more favored pseudoaxial orientation (Meax), the naphthalene moiety of 
the rotor part now slips past the lower-half of the molecule as a consequence of a thermal 
isomerization, resulting in helix inversion into stable cis-(P)-(R)-33. A significant amount 
of energy is required for the thermal helix inversion to maintain a continuous unidirectional 
rotary motion. Similarly, the stable cis-isomer 33 can be converted into the original trans-
(P)-(R)-33 by irradiating with UV- light, followed by a thermal helix inversion process. 
The energy input (photochemical) therefore allows unidirectionality of the rotor without 
any degradation of the double bond (axle) demonstrating the repetitive nature of the 
rotation process performed by this second-generation motor 33. 
The rotary cycle of the second-generation motor is similar to the one of the first-
generation
81a-d (both halves are identical and each contains a stereogenic center) except for 
the direction of rotation is controlled by a single stereocenter. Later, many molecular 
motors based on overcrowded alkenes have been reported and the structure modified to  
 
 
26 
 
 
Chapter 1 
 
make them faster in order to compete with the “Brownian storm” of molecular collisions 
and vibrations, which constantly are working against directional motion of molecules.
7,8c 
Furthermore, the rate of photochemical isomerization of overcrowded alkenes has been 
investigated and found to be very fast (< 300 ps)
83 and thus, the thermal helix inversion is 
considered as a rate-determining step in rotary cycle and it can be viewed as the indicator of 
the speed of a motor. 
In 2007, a series of different types of light-driven molecular motors have been 
reviewed (more details are given in Chapter 2).
82 Studies towards alternative designs of 
light-driven molecular motors and their applications are still ongoing. Figure 10 shows 
recently developed light-driven molecular motors. 
 
Figure 10. Acceleration of the thermal isomerization steps upon structural modifications 
from motor 33 to 40. 
By applying the knowledge from our previous studies on motors, variation in the 
structural design was explored beginning with changing the substituent size at the 
stereogenic center from a methyl in compound 33 (symmetrical lower-half version) to a 
methoxy group (less steric compared to methyl group) in compound 34.
84 Comparing the 
half-life of 34 with that observed for the analogous motor 33, it is evident that the rate by 
which the thermal step of 34 (t1/2 = 33 min at rt) proceeds is decreased compared to that of 
the motor 33 (t1/2 = 3.2 min at rt).
81f This behavior fits into the trend that the half-lives of 
the unstable isomers of molecular motors decrease (i.e. acceleration takes place) as the 
relative bulky of the substituents at the stereogenic center increases.
81g  
An alternative approach, which has been explored in our group, to lower the barrier of 
the thermal isomerization step was to reduce the steric hindrance between upper-half and  
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lower-half aromatic moieties at the fjord region by simply changing the naphthalene 
moiety. The rational design fluorene-based motors were substituted for a p-xylene
81d (in 
motor 35), a benzo[b]thiophene
85 (in motor 36) and a p-anisole derivative
86 (in motor 37). 
These substitutions led to lower barriers, decreasing the half-life times for thermal helix 
inversion 10 times, 3×10
3 times and 10
6 times, respectively, relative to the parent motor 33. 
Moreover, it was established that molecules possessing a stator-part derived from 
acridine
87 (in motor 38), xanthene (in motor 39) and thioxanthene
88 (in motor 40) with 
cyclopentylidene (five membered) upper-half can also behave as molecular motors. While 
these seem intuitive at first due to their apparent structural similarity to motor 33, the 
decrease in rigidity of the planar xanthenes or acridine groups compared with the fluorene 
group leads to large differences in the conformational dynamics of their corresponding 
overcrowded alkenes. All molecular motors described above were composed of a fluorene 
lower-half that possess some rigidity, thus allowing the molecule to adopt a twisted 
conformation. Alternatively, the xanthenes or acridine motors (38-40) adopt a 
folded/twisted conformation type,
89 thus causing the difference in half-lives of their thermal 
step compared to parent motor 33. Their half-lives were found to be ~10
9 times lower 
compared to motor 33 (Figure 10). 
Recently, the development of molecular motors has focused on applications other than 
tuning the speed of rotation and/or spinning their wheels (rotor part). The functionalized 
second-generation (molecular break) molecular motor 41 with an integrated pseudorotaxane 
moiety, which functions as a lock-unlock system related to the rotation function of motor 
unit, has been reported in our group.
90 The lockable light-driven molecular rotary motor 
featuring a self-complexing [1]pseudorotaxane system is shown in Scheme 18. By taking 
advantage of the complexation between the ammonium ion (in the upper-half) and the 
macrocycle ring (in the lower-half) present in the system, as well as its acid-base switching 
properties in solution, locking and unlocking of the molecular motor can be achieved. 
Moreover, under conditions of unlocking (base), the rotary function of the molecule is 
active and four step-switching cycle of motor behavior can be observed when light and heat 
are provided. Contrary, in the locked state (acid), the hydrogen-bonding interaction 
between ammonium ion and crown ether-macrocycle are strong enough to prevent the 
rotary process of the motor unit.   
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Scheme 18. A “lockable” molecular machine 41  shows locking-unlocking property 
controlled by acid-base while the unlocked form of molecule still functions as a light-
driven molecular motor.  
Even though the behavior of molecular motor 41 shows competing backward thermal 
helix inversions which was also observed for some other motors,
91 these results represent 
an important step towards fabricating more advanced molecular devices
92 and achieving 
control of integrated nanomechanical motion at the single-molecule level. 
Another advanced molecular motor, which can be applied in catalysis, was reported 
from our group.
93 The principle is to use the dynamic stereochemical features of a 
molecular motor moiety of a compound integrated with functional groups that can 
cooperate as catalysts to control an asymmetric catalytic transformation. The individual 
chiral stages during the unidirectional rotary cycle of motor part dictate the ability of the 
catalyst moiety to induce a preferred stereochemistry in the product formed during an 
asymmetric reaction. Each isomer of the motor, obtained by switching of a functionalized 
first-generation light-driven molecular motor 42 (Figure 11a) has been employed to 
catalyze a Michael addition reaction of a thiol-reagent to cyclohexenone (Figure 11b).  
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Figure 11. a) A structure of molecular motor trans-42 with two different functional groups 
i.e. a base (DMAP unit) and a thiourea (hydrogen donor bond). b) Michael addition 
reaction using different isomers of 42 as a catalyst. c) A proposed complex involved in the 
thiol addition reaction catalyzed by 42 and the energy-minimized structures for the 
asymmetric Michael addition; d) Less-stable (M,M)-(2R,2’R)-cis-42’ catalyst; thiol addition 
with the Si face to give the favored (S)-product. e) Stable (P,P)-(2R,2’R)-cis-42 catalyst; 
thiol addition to the Re face is favored to provide the (R)-product (Figure reproduced from 
ref. 93). 
This molecular motor catalyst consists of two arms that turn past another in a 
unidirectional manner coupling 360° rotation by four-switching steps as usually observed 
of this type of motor.
81d One arm is equipped with a 4-DMAP moiety (in the lower-half) 
while another features a thiourea group (in the upper-half) as shown in Figure 11a. When 
these two groups are pointed away from each other (stable trans-42), the catalytic motor 
generates a racemic mixture of products of Michael addition in a rather slow reaction. 
Irradiation causes double-bond isomerization, bringing the arms and their cooperative 
catalytic groups into close proximity (less-stable cis-42’). Here the thiourea group holds the 
cyclohexenone in place while the DMAP unit guides the thiophenol (Figure 11c) to Si-face 
selective addition to provide the product with favored S-chiral configuration and an 
enantiomeric ratio of 75 to 25 (S: R) as shown in Figure 11d. Heating the system up to 70°C 
forces the arms to pass one another (stable cis-42), so that the DMAP now brings the 
thiophenol to the Re-face of the cyclohexenone, preferentially forming the product with R-
stereochemistry in a ratio of 23 to 77 (S: R) (Figure 11e). Two subsequent light and heat 
driving steps induce cis-trans isomerization and helix inversion once again sending the 
arms back to their starting positions (stable trans-42). This light-driven unidirectional  
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motor 42 provides an elegant opportunity to realize such adaptable functional behavior in a 
catalytic system. 
Apart from these, molecular motors have been used to control kinetically driven helix 
reversal in polymers.
94 Furthermore, in studies towards the behavior of molecular motor at 
interfaces, proper functionalized motors have been shown unidirectional rotational motion 
when assembled either perpendicular (an azimuthal rotor) or parallel (an altitudinal rotor) to 
surfaces, i.e. gold or quartz.
95 
1.4   Towards applications of molecular machines at the 
nanoscale 
Ultimately, the purpose of making molecular machines is to allow them do work and 
perform useful functions.
96 In recent years, a number of systems have been developed that 
meet the qualification of molecular machines to perform work. These systems are either 
driven by chemical, electrochemical, photochemical energy or combination of these energy 
sources and these energy inputs can be converted to mechanical motion to perform works 
or movements with respect to their environments. 
1.4.1   Works performed by functional molecular machines 
The principle of a macroscopic motion induced by collectively harnessed changes in 
molecular structure is the fundamental basis of muscular movement. Some examples
97 of 
molecular machines which were modified with switch, motor, or shuttle molecules, can 
perform work and induce macroscopic movement.
96 
One example of macroscopic mechanical motion triggered by shuttling in a rotaxane 
involves the electrochemical active [3]rotaxane 43 as shown in Figure 12.
98  
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Figure 12. a) Chemical structure of [3]rotaxane 43 before oxidation. b) Schematic 
representation of rotaxane-induced bending of a cantilever beam by redox chemistry 
(Figure reproduced from ref. 98a) 
A monolayer of bistable [3]rotaxane 43 with the two small rings, which are attached to 
a gold surface, was designed as a muscle-like system. The sequential addition of chemical 
oxidants (Fe(ClO4)3) and reductants (ascorbic acid) result in redox-chemistry that forces the 
shuttling of the two small rings between two stations. This in turn changes the distance 
between two rings (from 4.2 to 1.4 nm), which induces a change in mechanical stress on 
one side of cantilever and causes the cantilever to bend upward of the beam over a distance 
of about 35 nm. 
Another example comprises azobenzene molecular switches. Ikeda et al
99 reported the 
first example of photo-induced motion in a Liquid-Crystalline Elastomer (LCE) film 
contained azobenzene moieties which were prepared by photopolymerization of a mixture 
of mesogenic monomer containing an azobenzene moiety (44, Figure 13a) and diacrylate 
with an azobenzene moiety (45, Figure 13a). A motor system with a plastic belt of the 
azobenzene-LCE film was connected and then the belt was placed on a pulley system and 
irradiated with UV-lamp placed at the top right and a visible-lamp at the top left of the 
system, respectively, as shown in Figure 13c. Upon irradiation with UV-light on the right 
pulley side, a contraction force is generated at the azobenzene unit, which is aligned 
parallel to the long axis of the belt (Figure 13b, trans to cis). This contraction force acts on 
the right pulley, leading the belt to rotate in the counterclockwise direction. 
Simultaneously, the irradiation with visible light produces a local expansion force at the 
irradiated part of the belt near the left pulley (Figure 13b, cis to trans), causing the same 
directional rotation of the left pulley.  
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Figure 13. a) Chemical structures of the LC monomer (44) and LC diacrylate (45) used in 
this pulley system. b) Cis-trans isomerization of azobenzene unit. c) Schematic 
representation system showing the relationship between light-irradiation positions and the 
direction of rotation and d) Series of photographs showing the rotation of the light-driven 
azobenzene-LCE film at different times (Figure reproduced from ref. 99). 
These contraction and expansion forces from azobenzene moieties produced 
simultaneously at the different parts along the long axis of the belt give rise to the rotation 
of the pulleys and the belt with the same direction. The rotation then brings new parts of the 
belt to be exposed to UV and visible light again, which enables the motor system to rotate 
continuously (Figure 13d). With this system, light energy can be converted directly into 
mechanical rotational motion and the power output was found to be related to the light 
intensities. 
Using photoisomerization and thermal helix inversion processes of overcrowded 
alkene  46 (Figure 14a) it was demonstrated in our group that a molecular motor can 
perform work. Molecular rotary motor 46 was used to make the microscopic object rotate 
on top of the surface of a liquid crystalline film.
100 Doping (1% wt) of an enantiopure (P)-
(S)-46 into a liquid crystalline (LC) film provides the film with a polygonal texture (a 
characteristic of a cholesteric LC phase have a helix axis parallel to the surface) as shown 
in Figure 14b. By applying light and heat, unidirectional rotation of motor 46 proceeds 
through photochemical isomerization and thermal helix inversion processes as described 
above. Irradiation of the motor-doped LC film with UV-light causes a photochemical 
isomerization of the motor resulting in an inversion of helicity from the (P)- to (M)-46 and 
this induces cholesteric texture rotate in one direction. In contrast, thermal helix inversion 
process of (M)-46 provides (P)-helicity once again and this process induces the 
reorganization of the LC film in the opposite way around.
100b Therefore, in the presence of 
the light the LC texture reorganizes and a clockwise rotation was observed whereas in the  
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dark the LC texture was found to reorganize in the opposite direction (and move). The 
controlled texture reorganization of a motor-doped LC film has been utilized to rotate a 
microscopic glass rod (5×28 Pm) placed on the LC surface at an average speed of 0.67 
r.p.m. clockwise in the photo-induced step (Figure 14c) and 0.22 r.p.m. the reverse 
direction in the thermal step (Figure 14d). 
A) B)
D)
C)
 
Figure 14. a) Chemical structure of the molecular motor 46. b) Polygonal texture of the 
liquid crystal (LC) doped with 1% wt of the motor 46. c) Optical micrographs (a-c) of a 
glass rod and the cholesteric texture rotate in a clockwise fashion in photo-induced step. d) 
Optical micrographs (aa-ac) of a glass rod and the cholesteric texture rotate in a 
counterclockwise rotation in thermal step (Figure reproduced from ref. 100a). 
Consequently, the collective unidirectional rotary motion of a motor embedded in the 
system can be used to produce mechanical movement of microscopic objects or perhaps 
macroscopic objects in the future. Related effects were also achieved when chiral 
azobenzenes which were used as switchable doped in the LC films
101 and diarylethene 
cocrystal that can convert light into mechanical work.
102 
1.4.2   Single-molecular-sized machines moving on surfaces 
Most of the molecular machines have been observed in solution phase or in some cases 
the molecules have been mounted on a surface to allow them to operate in a collective 
manner. However, it is highly desirable to operate these motors and control their movement 
at the single molecular level especially in a unidirectional sense. The ultimate goal remains 
to translate a single molecule in a directional motion along surfaces and to achieve 
directional motion of a single molecule on surfaces will be key to the development of the 
artificial molecular transporters and nano robots in future nanotechnologies (more details in 
Chapter 5 and 6).  
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Recent attempts to control single molecule motion on surfaces include directed 
Brownian motion ensured by free rotation of spherical molecular wheel,
103 diffusion 
directed by surface geometry and specific binding,
104 non-directional thermal spinning of 
molecules
105 and directional motion induced by pushing or pulling of molecules with an 
STM tip.
106 The molecules in these experiments, however, are still passive elements that 
diffuse along a preferential direction or dragged by the action of the macroscopic 
constituent (STM tip). 
One example of directed thermal diffusion motion of a single molecule on gold 
surfaces, a molecular “car” 47 designed by Tour and co-workers,
103 is composed of a rigid 
scaffold and fullerene as wheels, and it was shown to diffuse preferentially in the direction 
perpendicular to the axles of molecule (Figure 15a).  
i
ii
iii
A)
i ii
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Figure 15. a) Chemical structure of molecular “car” 47 with its STM images of thermally-
induced motions of single molecule 47 (i-iii) b) Chemical structure of molecular motorized 
“car” 48 with schematic representation the propelling mechanism that is anticipated to drive 
the system forward (i-iv) (Figure reproduced from ref. 103 and 107, respectively).  
This elegant design is the first example of wheel-assisted translational motion at the 
single molecular level. With this compound 47 it has been shown that controlled motion on 
a surface using thermal energy as energy input and using fullerenes as wheels is possible 
(Figure 15a, i-iii). However, the motion of 47 was thermally activated, without firm  
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experimental proof of a rotation of the wheel during its translation from one adsorption site 
to the next stop. 
In addition, an attempt was made to power this type of nanomachines with intrinsic 
light-driven unidirectional rotary motor as a propeller and four units of p-carborane as 
wheels in compound 48 as shown in Figure 15b.
107 Unidirectional rotation of the central 
motor unit is anticipated to propel the compound 48 across the surface, by a paddling 
mechanism (Figure 15b, i-iv). Even though the motor function was verified in solution, any 
movement of this compound on surfaces by using light was not yet proven. It is possible 
that the motor function unit might be quenched by the metallic surfaces as was observed 
before.
108 
Recently, a single electric motor on surfaces has been reported by Sykes et al.
109a It 
was showed that a butyl methyl sulfide 49 (Figure 16a) adsorbed on a copper surface can be 
operated as a single-molecule electric motor. The molecular motor was powered by 
electricity from an STM tip (Figure 16b) using low-temperature scanning tunneling 
microscope (5K). This microscope sent an electrical current through the molecule, directing 
the molecule to rotate in a preferred direction. After deposition of the molecule on the 
conductive copper surface it was anchored to it via the sulfur atom. Although achiral 
initially upon coordination to the copper surface the molecule becomes chiral and can rotate 
along the central sulfur-copper bond.  A single molecule rotates around the central sulfur-
metal bond and appears in hexagonal shape because of the three-fold symmetry of a 
molecule with timescales shorter than that of STM imaging (Figure 16c). Different 
directions of the rotation have been observed depending on the intrinsic chirality of the 
STM tip. 
A) B)
C)
STM tip
electron
 
Figure 16. A single molecular 49 functions as a motor on a surface. a) Structure of methyl 
butyl sulfide 49, b) Schematic representation of the molecular rotor excited by electrons 
from the STM tip, which can lead to directional motion, and c) UHV-STM image of one of  
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the enantiomer (S)-configuration adsorbed on the copper surface at -268°C (5K). The 
pinwheel appearance is due to the rotation of alkyl groups around the central sulfur atom 
(Figure reproduced from ref. 109a). 
Subsequently, molecular trimer motor 50 was synthesized and its rotary function was 
studied in a solution by our group (Figure 17a).
86 Moreover, this motor 50 was found to 
form molecular assemblies at the liquid/solid interface between 1-phenyloctane and highly 
oriented pyrolytic graphite (HOPG). The formations of molecular assemblies of 50 were 
visualized by STM, however, non-directional or directional movements at the molecular 
level of this molecule could not be observed on surfaces yet under UV irradiation most 
probably due to tight packing in the monolayer on the surface. 
MeO
OMe
OMe
50
A)
O
O
rigid scaffold
stator part
rotor part
51
B)
 
Figure 17. a) Chemical structure of molecular trimer motor 50. b) Structure of molecular 
“walker” 51. 
Besides, another molecule which might perform directional movement on a surface has 
been reported also in our group. The molecular “walker” 51 (Figure 17b), consisting of a 
rigid scaffold and two molecular motor units as wheels which are supposed to rotate in the 
same direction, has been characterized and studied in a solution.
110 
1.5   Aims of the research and outline of this thesis 
A variety of artificial molecular machines, which were inspired by nature and are of 
potential use in the field of nanotechnology, have been explored over the last decade. The 
previous sections describe the chemists efforts toward the construction of molecular 
machines, beginning with molecular rotors (Section 1.3.1) and leading to the prototype of 
chemically and photochemically powered molecular motors (Section 1.3.2). The systems 
described in section 1.3 operate in solution, individually, and incoherently. For some of 
applications, they will need to be interfaced with the macroscopic world by 
functionalization in an appropriate way, and assembling them on surfaces (Section 1.4). It 
has been shown that the collective operation of artificial nanomachines in carefully  
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engineered surface-deposited monolayers can result in mechanical work at a larger 
scale.
65,98,111 
A current challenge is to make use of nanoscale motions of synthetic systems to 
develop molecular machines.
96 A number of studies have been performed on systems in 
solution, whereas a functionalized or surface-attached molecular machine which provides 
nanoscale motion will offer the highest potential for developing advanced molecular 
machinery.
112 In order to improve and control the properties of these molecular machines, 
further investigations have been performed and some are described in this thesis. The major 
goal of these investigations is to developed new molecular motors with broad functions, 
applications and ultimately capable of performing controlled mechanical work at the 
nanoscale for future applications in nanotechnology. 
In chapter 2 we will discuss synthetic pathways to derivatize functional molecular 
motors. To apply molecular motors in nanotechnology and to ensure that motor function is 
preserved, the motor molecules have to be attached to a surface or have to be incorporated 
into an assembly to be able to perform work. For this purpose a proper functional group has 
to be introduced in the molecule. Two short procedures to make intermediate upper-half 
functionalized molecular motors have been explored. The first procedure involves one step 
Friedel-Crafts/Nazarov cyclization for the synthesis of upper-half ketones with a halogen 
moiety which can easily be functionalized further. The second procedure consists of D-
arylation reaction catalyzed by palladium to afford the upper-half ketones with different 
substituents at the D-position of a ketone. In addition, more complex molecular systems 
were prepared using molecular motors with new upper-half ketones. 
In chapter 3 we aim to prepare a catalytically driven oscillating biaryl-allyl ester. 
Synthesis and characterization of the molecule has been accomplished. The goal is to 
design a molecule in which translational motion is coupled to rotary motion that can be 
induced by a catalytic event, namely via Pd-catalyzed allylic substitution and to study 
molecular systems in which a catalytic event is coupled to mechanical motion. With these 
compounds it has been shown that the palladium catalysts are able to oscillate the biaryl-
allyl system via allylic substitution involving an acetate group. 
The project in chapter 4 is focused on synthesis and development of unidirectional 
light-driven rotary motors in which the direction of rotation can be reversed by base-
catalyzed epimerization. The key steps are de- and re-protonation of one isomer (unstable 
form) during the 360º unidirectional rotary cycle, with complete inversion of configuration 
at the stereogenic centre (which controls the direction of rotation). This leads to the 
discovery of a new molecular motor that can be made to switch it 360° rotation in a 
preferentially clockwise and counter-clockwise unidirectional fashion in one molecule by 
an external trigger (i.e. pH change).  
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Both chapters 5 and 6 aim at synthesis and studies of a motor based nanocar molecule, 
visualisation of individual molecules and their movement on surfaces using a scanning 
tunnelling microscopy (STM). Each chapter describes a different design of a nanocar. In 
both cases the nanocar molecule consists of molecular motor moieties to act as wheels that 
can convert light energy into mechanical motion. The challenge here is the presence of the 
four molecular motors in one molecule including the chassis moiety and to connect them 
together. Two types of nanocar with four molecular motor wheels have been synthesized 
and shown to be active in solution. Moreover, one of them has been sublimed and studied 
on surfaces with UHV-STM technique for visualisation of a movement and in order to 
examine whether directional translational movement can be achieved using external energy 
input.  
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Chapter 2 
New Design of Molecular Motors: 
Toward Functional Motors 
 
New synthetic pathways to derivatize functional molecular motors were described. 
Two short procedures to synthesize intermediate upper-half functionalized 
molecular motors were explored. In addition, more complex molecular systems 
were prepared using these intermediate upper-half molecules, with a focus on the 
design of hybrid-motors. The aim of this chapter was to investigate: 1) the 
aggregation behavior of porphyrin hybrid-motors under motor control, 2) dynamic 
systems based on a molecule which comprises motor and rotor functions, and 3) 
new molecular motor which will be applied on the liquid crystal surface. 
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Chapter 2 
 
2.1   Introduction 
In the field of nanosciences, the design and synthesis of artificial molecular machines
1 
is a major challenge. How do we define a molecular machine? A molecular machine can be 
defined as an assembly of molecular components designed to perform  controlled 
movements or other physical changes in the response to a stimulus.
2 Unlike in nature, 
artificial molecular machines must fight Brownian motion
3 while converting energy into 
mechanical motion. Among these machines, a motor is a molecular device that can convert 
energy into work via a unidirectional and controlled movement. Molecular rotary motors 
present a particular challenge such as the control of the directionality of a repetitive 360° 
rotary motion. However, among the many examples of molecular rotors which have been 
previously developed,
4 only a few of them demonstrate control of directionality and can be 
considered as potential molecular motors with possible further applications. Because the 
applications of these systems are so diverse, synthetic molecular motors would be useful in 
nanotechnology.
5 For instance the motor functions can be initiated using different stimuli 
and these motors can for instance be light-
6, chemical-
7 or redox-driven.
8 In this chapter, 
our focus is on the overcrowded alkenes in which a dynamic function can be induced by 
light as energy source. 
2.1.1   Rate of rotation by structural modifications of first-generation 
molecular motors 
The first successful synthetic light-driven molecular motor was reported in 1999 by our 
group.
9 The molecular motor 1 composed of a naphthalene chromophore is linked through a 
central carbon-carbon double bond to an identical (or different aromatic chromophore) to 
give the so called ‘first-generation motor’ (Scheme 1). 
The overcrowded alkene 1 can perform a full 360° unidirectional rotation of one half 
of the molecule relative to another half due to photoisomerization upon irradiation with 
light followed by thermal isomerization processes. Starting with stable trans-1, a 
photochemical isomerization (an energetically uphill process) generates unstable cis-1 in 
which the stereogenic methyl substituents are forced into a conformational strained pseudo-
equatorial position (step 1). The input of energy by the absorption of the photon of stable 
trans-1 leads to the generation of an exited state which upon decay leads either to the 
original stable trans-1 or higher energy unstable cis-1 isomer. Extended irradiation results 
in a photoequilibrium which strongly favors the formation of unstable cis-1 (95:5, unstable 
cis: stable trans). This conformational strain associated with the pseudo-equatorial 
orientation of the methyl groups at the stereogenic centre is released during the thermal 
helix inversion step (an energetically downhill process) whereby the molecule isomerizes to 
stable cis-1 (step 2), in which the stereogenic methyl occupies a favored axial orientation 
(t1/2= 32 min, at rt). New Design of Molecular Motors: Toward Functional Motors 
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Scheme 1. Rotary cycle of first-generation molecular motor 1 driven by photochemical and 
thermal isomerizations involving helix inversions. 
A second photochemical double bond isomerization (step 3) generates unstable trans-1 
(90:10, unstable trans: stable cis), followed by a second thermal helix inversion (step 4) 
which ultimately regenerates stable trans-1 (t1/2= 439 h, at rt). The unidirectionality of the 
rotary cycle is dictated by the helicity of the overcrowded alkene and the absolute 
configuration of the stereogenic centers. Although the presence of the substituent at the 
stereogenic center is not the only factor that contributes to the unidirectionality of the rotary 
movement, its preference for an axial conformation governs the direction of the two 
thermal steps in the rotation process and therefore the direction of the whole rotary motion. 
To explore the speed of rotation of overcrowded alkene in more details, the substituent 
next to the double bond responsible for the unidirectionality of rotation was varied.
10 The 
methyl groups at the stereogenic centers were replaced by ethyl and iso-propyl groups. In 
case of the ethyl group, the half-life (t1/2) of both isomerizations from unstable cis- and 
trans- to stable cis- and trans-isomers is not so different compare to the compounds with 
methyl substituent at the stereogenic center. However, it was anticipated that sterically 
more bulky group at the stereogenic center should lead to the destabilization of the ground 
state energies of the unstable isomers relative to that of the stable isomers and especially the 
transition state energy, lowering the Gibbs energy of activation for the thermal helix 
inversion.  This hypothesis was clearly the case for iso-propyl substituted molecular motor 
2; the unstable cis-2 isomer could even at very low temperature (-60°C) not be trapped and 
analyzed as the product of the photoisomerization step (stable trans-2 to unstable cis-2). On 
the other hand, unstable trans-2 isomer appeared to be more stable than the methyl-
substituted analog (unstable trans-1) and needed higher temperature (110°C) for several 
days in order to convert to stable trans-2. Moreover, since this thermal step from unstable 
trans-2 to stable trans-2 was very slow, another isomer “meso-unstable trans-2” (only one 
naphthalene chromophore has slipped over the opposite half of the molecule) could be 
observed and separated as an intermediate isomer in the rotary cycle (Scheme 2).   
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Scheme 2. Rotary cycle of molecular motor 2 showed the acceleration of the thermal 
isomerization step of cis-isomer and the deceleration of the trans-helix inversion step, 
which resulted in the demonstration of a stepwise thermal processes through meso-unstable 
trans-2.    
However the molecule with the iso-propyl substituents is still able to perform a 
unidirectional rotation; all isomers usually observed could be detected experimentally 
except for unstable cis-2. The slow thermal process of unstable trans-2 allowed the 
observation of an intermediate, meso-unstable trans-2, which showed for the first time that 
the thermal helix inversion is a stepwise process involving two helix inversions in 
sequence. 
A subsequently applied strategy was to reduce the size of the molecular motor by 
modifying the ring attached to the overcrowded central double bond. This was achieved by 
switching from six-to five-membered ring molecular motor 3 (Scheme 3).
11 This structural 
change was anticipated to reduce the steric hindrance in both helix inversions steps. This 
was indeed the case: the change to the 5-membered ring led to an extreme 10
5-fold 
acceleration of the thermal step from unstable trans-3 to stable trans-3 (t1/2= 18 s, at rt) but 
there was only a small change in the rate of the helix inversion step (t1/2= 74 min, at rt) for 
the cis isomer compared to molecular motor 1. This difference in behavior marks how the 
structure modifications governing the Gibbs energy of activation to the cis and trans helix 
inversion steps can be quite distinct. New Design of Molecular Motors: Toward Functional Motors 
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Scheme 3. Accelerating the rotary cycle of molecular motor 3 by contracting the rings 
fused to overcrowded alkene from six- to five-membered. 
In 2007 a new design of first-generation molecular motor 4 was introduced and the 
dynamic processes studied.
12 The naphthalene moiety of the motor was exchanged for a 
dimethyl-substituted phenyl ring to preserve the steric interactions between two halves 
necessary to assure conformational stability. By analogy with molecular motors 1-3, it was 
anticipated that molecule 4 should function as a light-powered molecular rotary motor 
proceeding through 4 distinct steps in a unidirectional fashion (Scheme 4). Indeed, starting 
from stable trans-4, a photochemical isomerization generates unstable cis-4 in which the 
stereogenic methyl substituents are forced into a strained pseudo-equatorial conformation 
(step 1). This strain is released during the thermal helix inversion step (step 2) whereby the 
molecule isomerizes to give the stable cis-4 (t1/2= 1.2 s, at rt), in which the stereogenic 
methyl groups resume an energetically favored axial orientation. A second photochemical 
double bond isomerization (step 3) generates unstable trans-4, which is followed by a 
second thermal helix inversion (step 4) which ultimately regenerates stable trans-4 (t1/2 > 
1.5 d, at rt). The two photochemical and two thermal steps add up to a full 360° rotation of 
the upper part relative to the lower part. As in previous cases the unidirectionality of the 
rotary cycle is dictated by the helicity of the overcrowded alkene and the absolute 
configuration of the stereogenic centers.  
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Scheme 4. Rotary cycle of molecular motor 4 with dimethyl substituted phenyl group. 
The dimethyl substituted phenyl group in the molecular motor can still preserve the 
directionality of photochemical and thermal steps crucial to their 4 step rotary cycles; 
although the photoisomerization step from stable cis to unstable trans shows a moderate 
photoequilibrium ratio. The change in structure from 3 to 4 led to a modest acceleration of 
the thermal isomerization step from the unstable to the stable-trans isomer, but a significant 
deceleration of the corresponding unstable to stable cis isomer. 
2.1.2   Rate of rotation depending on different structural modifications of 
second-generation molecular motors 
The second-generation design of molecular motor was explored to adapt to the 
requirement of more uniform rotation behavior and easier chemical modification compared 
to what was observed in the case of the first-generation molecular motor (Figure 1).
13 This 
motor design consists of a distinct upper half and lower half, which can be considered as 
the rotor and the stator parts of the motor. Whereas the upper half is similar to the first-
generation design, the lower half is now derived from an asymmetric or a symmetric 
tricyclic molecule. 
 
Figure 1. General structure for the first- and second-generation light-driven molecular 
motors. New Design of Molecular Motors: Toward Functional Motors 
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The rotary cycle of these systems is similar to that of the first-generation motors, 
except the direction of the rotation is controlled by a single stereogenic center in the upper 
half (Scheme 5). This variation offers advantages in terms of synthesis, for instance 
introduction of functional groups selectively in the upper or lower half due to the intrinsic 
asymmetric character of the molecule. For molecular motor 5, both cis- and trans-thermal 
isomerization are the rate-determining steps and the energy barrier of these steps which are 
nearly the same. In addition, an additional advantage of the second-generation molecular 
motor design is an easy structural modification allowing to tune the speed of the rotation. 
 
Scheme 5. Rotary cycle of second-generation light-driven molecular motor 5. 
The original second-generation motor 5 has a half-life of 233 h at room temperature, 
which is still far to compete and utilize if compared to the natural molecular motor, i.e. 
ATPase. Modifications of the second-generation have been designed and synthesized to 
reduce this half-life time.
14 It was found that when the six-membered ring was contracted to 
a five-membered ring in the upper-half and the thioxanthene moiety was replaced by 
fluorene moiety in the lower-half in motor 7
21 from motor 6, the photoisomerization still 
leads to the unstable isomer and the half-life of thermal step is much faster than for the 
original one (t1/2= 3.2 min at rt). Moreover, the naphthalene moiety was exchanged with a 
dimethyl substituted phenyl moiety in motor 8 as a mean to further adjust the speed of 
second-generation motors.
12 The results showed that the half-life of thermal step from 
unstable to stable 8 is shorter than for motor 7 (t1/2= 15 s at rt). The most remarkable change 
in molecular design compared with previously described systems was the substitution of the 
dimethylphenyl moiety in the upper half of the motor by a methoxy-substituted phenyl 
group (molecular motor 9).
15 This decreases the steric hindrance in the fjord region, which 
resulted in an increase of the rate of the thermal isomerization step in the rotary cycle of 9 
(t1/2= 1.6×10
-4 s at rt) in comparison with motor 8.   
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Figure 2. Design modifications of the second-generation molecular motors. 
Since in the first-generation motor increasing the size of the stereogenic substituent 
decreased the barrier of thermal helix inversion for the cis isomer, but enhanced it for the 
trans isomer thus it consequently raised a question: what would be the effect of such a 
change in case of second-generation molecular motor. Consequently a series of motors 
possessing stereogenic substituents of different sizes were prepared to elucidate this (Table 
1).
16 Exchanging the methyl group in motor 7 for a slightly more sterically demanding iso-
propyl group in motor 10 lowered the barrier to thermal helix inversion by a negligible 
amount (t1/2= 1.5 min at rt). However, exchanging the methyl group for a phenyl group in 
motor 11, which would be expected to also drop the barrier to helix inversion, actually 
increased the barrier slightly and made the motor slower (t1/2= 9.5 min at rt). A possible 
explanation for this experimental observation is that the sp
2 hybridization of the phenyl 
allows it to adopt a conformation parallel to the fluorene lower half, minimizing the 
induced strain in unstable isomer. 
Table 1. Increasing the size of the stereogenic substituent increases the torsion angle and 
consequently lowers the barrier to thermal helix inversion. 
 
Motor 
 
R 
 
'
‡G stable  
[kJ mol
-1] 
'
‡G unstable  
[kJ mol
-1] 
t1/2 (20°C) 
  [s] 
7  Me 85  89.4  190 
10  i-Pr   84  88.2    95 
11  Ph 88  94.6  587 New Design of Molecular Motors: Toward Functional Motors 
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12  t-Bu   60  67.3  5.74×10
-3  
 
When a tert-butyl group was used as the substituent at the stereogenic center 
(molecular motor 12), the most impressive effects were observed. The extra steric demands 
of this substituent (12, R= t-Bu) was found to drop the '
‡G° by 25 kJ mol
–1 compared to 7 
(R = Me), such that unstable 12 isomerizes 3×10
4 times faster than unstable 7 at room 
temperature. This effect is attributed to raising the ground state energy level. 
Subsequently, the second-generation molecular motors are found particularly suitable 
to demonstrate transmission of motion to control the organization of a supramolecular 
system. For instance molecular motor 11 was tested in a device to perform work.  The 
photo and thermal isomerizations involved with this motor, embedded in a liquid crystal 
(LC) film, had been demonstrated to induce the rotational reorganization (clockwise and 
counterclockwise) of the LC’s surface texture and rotational motion of a microscale object 
on top of the LC film (Figure 3).
17 
A)
B)
C)
step 1; Rotational reorganization of liquid crystalline 
films in clockwise rotation.
step 2; Rotational reorganization of liquid crystalline 
films in counterclockwise rotation.
 
Figure 3. Monitoring of photochemical and thermal behavior of a motor 11 with liquid 
crystal films; a) Schematic representation of unidirectional rotary cycles of molecular motor 
11, b) Optical micrographs (a-c) of a glass rod and the cholesteric texture rotate in a 
clockwise fashion in photoirradiation step, c) Optical micrographs (aa-ac) of a glass rod and 
the cholesteric texture rotate in a counterclockwise rotation in step 2 (Figure reproduced 
from ref. 17b). 
To expand the application scope of molecular motors we have decided to synthesize 
and study new structural variations of motors. With this in mind, we have also targeted to 
improve the known synthetic procedures to facilitate their further derivatization if required. 
In this chapter, we will focus on examining:  
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1) A new procedure to synthesize a molecular motor with a functional group i.e. 
bromide functionality, which will be used to coupling the motor to a porphyrin. The aim is 
to study the aggregation behavior of porphyrin-motor hybrid 13 using light-driven motor 
moiety to control a self-assembly process (Figure 4, left structure). 
2) A new short synthetic pathway to introduce different D-aryl substituent at the 
stereogenic center at the 2’-position of the ketones suitable as molecular motor precursors 
for further synthesis of more complex dynamic systems based on motors 14 and 15 which 
comprise motor and rotor functions. A goal of this study is to examine how the rotary 
motion of appending rotor moiety can be controlled by the light-driven motor function 
(Figure 4, middle structures). 
3) Synthesis of the first-generation molecular motor 16,  a new structural motive 
(Figure 4) that will be applied on the liquid crystal surface to study whether motor 16 is 
able to perform work by rotating a microscale object analogous to motor 11. 
 
Figure 4. Structure variety of molecular motors for different applications. 
2.2   Results and Discussions 
2.2.1   Short synthetic route to prepare the upper-half of a functionalized 
molecular motor 
In order to further study advanced molecular motors, like porphyrin-motor hybrid 13, 
we needed to introduce an upper-half of a motor with a suitable functional group. In our 
laboratories various rotor parts for molecular motors with different functional groups have 
already been designed and synthesized (Figure 5).
15,18  
 
Figure 5. The rotor moieties of molecular motors with functional groups. New Design of Molecular Motors: Toward Functional Motors 
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These upper-halves with functional groups can be synthesized in one step (Scheme 6) 
from substituted naphthalenes. We anticipated that the required series of substituted 
naphthyl ketones could be made from the corresponding substituted naphthalene and 
methacrylic acid in polyphosphoric acid (PPA) in a one-pot tandem Friedel-Crafts acylation 
and Nazarov cyclization sequence.
19 This one-pot preparation works acceptably only with 
ortho- or para-directing substituents. We anticipated that an electron withdrawing group 
(EWG) or other types of substituents could be introduced in a different manner, just after 
the core structure of the ketone is complete. To synthesize the required ketones in a one pot 
procedure 1-methoxynaphthalene 20 (EDG) and 1-chloronaphthalene 21 were treated with 
methacrylic acid in PPA at 110°C providing the desired ketones 18 and 19, respectively 
(Scheme 6).
18 
 
Scheme 6. Synthesis of the 1-substituted rotor moieties 18 and 19. 
Another synthetic pathway has been elaborated to allow functionalization with a 
bromide at the 8-position of the naphthalene moiety. An improved procedure to have access 
to this molecule consists of a bromination of ketone 22 which yielded the dibromo-
substituted compound 23 with a regioselectivity in favor of the 8-position in poor yield. 
The bromide at the D-position of the ketone was removed by treatment with trimethylsilyl 
chloride (TMSCl) and sodium iodide, giving ketone 24 in good yield (Scheme 7).
20  
 
Scheme 7. Synthesis of the 8-substituted rotor moiety 24.  
In principle substituents attached at the 1- or 8-positions should not cause extra steric 
hindrance in the fjord region of the molecular motor if in case bulky functional group will 
subsequently introduce on these positions. In order to shorten the synthesis route presented 
for molecule 24, we investigated reactions starting from 1-bromo- (25) and 1-iodo-
naphthalene (26) in order to introduce a functional group being more reactive than a 
chloride group for further C-C coupling reactions. Ketones 27 and 28 were prepared using 
the same procedures employing methacrylic acid in PPA such as Friedel/Crafts followed 
with Nazarov cyclization of 1-bromonaphthalene 25 and 1-iodonaphthalene 26, 
respectively (Scheme 8).  
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Scheme 8. Synthesis of the upper-half of molecular motor 27 with bromide and attempted 
synthesis of 28 with iodide at 1-position. 
While the yield of 27 is still not good but higher than for the chloro-substituted analog 
19, this one-pot procedure provides the desired ketone in one step from commercially 
available material, unlike other routes which we could envision. Unfortunately, treatment of 
1-iodonaphthalene with similar conditions at the same or lower temperatures led to 
formation of complex mixtures. In this mixture we could only identify ketone 22 and no 
traces of product 28. It is possible that in the course of the reaction iodine species are 
generated as we observed a violet color around the top of reaction flask. This implies that 
deiodination occur and therefore ketone 22 is generated. In view of these results we have 
decided to focus on making the second-generation motor starting from bromo-ketone 27. 
To avoid the side reaction of ketone 27 with hydrazine monohydrate,
18 we have started  the 
synthesis of molecular motor 32 from ketone 27 using Lawesson’s reagent which provided 
the corresponding thioketone 29. However due to rapid decomposition overtime even while 
stored at low temperature (0°C), the material was used immediately after purification. The 
Barton-Kellogg reaction of the thioketone 29 with 9-diazofluorenone 30 followed by 
desulfurization of episulfide 31 using triphenylphosphine (PPh3) in p-xylene at elevated 
temperature afforded the bromide functionalized second-generation motor 32 (Scheme 9). 
 
Scheme 9. The synthesis of second-generation molecular motor 32. 
The photochemical isomerization was studied by UV/Vis spectroscopy at -10°C. Based 
on the known half-life of the motor with a chloro substituent at the 1-position
18 in CH2Cl2 
(4.6 min at rt), it was anticipated that the thermal isomerization of the unstable isomer of 
the new motor 32 would be negligible at this temperature (-10°C). In analogy with the 
behavior observed for motor 7, irradiation (O > 365 nm) of racemic 32 in CH2Cl2 at -10°C New Design of Molecular Motors: Toward Functional Motors 
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to its photostationary states (PSS) resulted in a red shift of the major absorption band from 
395 nm to an absorption centered at 420 nm  (Figure 6). 
240 280 320 360 400 440 480 520
0.0
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 initial stable 32
 after irradiation for 10 min
 after irradiation for 30 min
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Molecular motor 32 in DCM (1.4x10
-5 M) at -10
oC
 
Figure 6. UV/Vis spectra of stable 32 (solid line) and the unstable 32’ at different 
irradiation times.   
During the irradiation, a clear single isosbestic point was visible around 418 nm, 
indicating that the photoisomerization was a unimolecular process and it has reached its 
PSS after 1 h. 
The thermal isomerization of unstable 32’ to stable 32 in DCM was confirmed by 
following the change in absorption at 450 nm with respect to time (s) at four different 
temperatures (-20, -10, 0 and 10°C). Using the different rate constants, the Gibbs free 
energy '
‡G° for the process was calculated, using the Eyring equation, to be 87.6 kJ mol
-1 
with a half-life of 7.6 min for the isomerization from unstable 32’ to stable 32 at room 
temperature (Figure 7).  
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Figure 7. Eyring plot of thermal helix inversion from unstable 32’ to stable 32.  
Comparison of the half-life of the unstable isomer 32’ shows no significant differences 
from previous molecular motor 7, which suggests that the bromide substituent does not 
significantly influence the barrier to thermal isomerization.  
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In order to confirm the results from the UV/Vis measurement, we needed additional 
data using other techniques. 
1H NMR spectroscopy is a useful technique for monitoring the 
progress of the photochemical and thermal isomerization of racemic motor 32 (Figure 8). 
1H NMR analysis during the photochemical step (O > 365 nm), i.e. the conversion of stable 
32 to unstable 32’ in toluene-d8, indicated that a photostationary state (PSS) with 22% 
stable 32 and 78% unstable 32’ was reached in 8 h at -35°C.  
A)
B)
C)
Ha
Hb
Hc
Ha
Hb Hc
Meax
Meeq
Meeq
Br
(+)-unstable (M)-32'
in toluene-d8,- 3 5 oC
after irradiation for 8 h
Ha
Hc
Hb
 
Figure 8. Partial 
1H NMR (500 MHz) spectra of racemic molecular motor 32 obtained in 
toluene-d8; a) corresponds to stable 32 before irradiation, b) less stable 32’ after 
photoisomerization and c) stable 32 obtained after thermal helix inversion at rt. 
1H NMR 
were measured at -35°C.  
Distinctive features in the 
1H NMR spectra are the shift of the protons in the aliphatic 
region. Three absorptions corresponding to the Ha, Hb and Hc protons of the stable isomer 
32 are formed at G 2.00, 2.90 and 3.90 ppm, respectively (Figure 8A). The three signals, 
corresponding to the unstable isomer 32’ appear at 2.50, 2.75 and 3.55 ppm (Figure 8B). 
The new doublet signal at 1.35 ppm corresponding to the unstable isomer 32’ is attributed 
to methyl group (in pseudo-equatorial position) which is shifted from 1.00 ppm in case of 
stable 32. 
After reaching the PSS, the thermal isomerization was performed by warming the 
solution of unstable isomer (M)-32’ to room temperature for 10 min. Analysis of the 
1H 
NMR spectrum of molecular motor 32 after thermal helix inversion showed the shift of the New Design of Molecular Motors: Toward Functional Motors 
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three protons in the aliphatic region quantitatively from G 2.50, 2.75 and 3.55 ppm (the 
unstable isomer 32’) back to 2.00, 2.90 and 3.90 ppm, respectively (stable isomer 32). 
Furthermore the original proton signal at 1.00 ppm of the methyl group at the stereogenic 
center was restored as shown in Figure 8C. This observation is consistent with the expected 
thermal helix inversion of the unstable to the stable form, completing a 180° rotation of the 
upper-half relative to the lower-half of the molecule.
21 
2.2.2   Design and synthesis of the motor-porphyrin 13 
In this section, the molecular motor 32 is functionalization with porphyrin 33 to control 
chiral-induced self-assembly of a porphyrin moiety in a light driven molecular motor 
hybrid system 13 (Scheme 10). Subsequently, this motor 32 will guide efforts in the design 
of functionalized motors such as molecular nanocar described in chapter 5.  
 
Scheme 10. Retrosynthetic analysis of porphyrin-motor hybrid 13. 
Porphyrins are a particular attractive source for obtaining different types of 
supramolecular aggregates as observed for instance in the photosynthetic antenna systems 
in Nature.
22 Nature has elegantly found ways to switch between chiral to achiral or one 
helical to the opposite helical structures, and scientists have recently shown successful 
switching between the different assembled structures for instance by using light as a control 
parameter for the self-assembly of single porphyrin hybrids.
23 
The porphyrin-motor hybrid has three main components, the aggregating species 
(porphyrin), the photoactive species (light-driven molecular motor) and the spacer 
covalently linking the two components. The goal is to demonstrate the self-assembly of the 
porphyrin motor 13 in helical arrangements and to show (Scheme 11) a change in helicity 
in the self-assembled structures via stable 13 and unstable 13’ isomers using light. 
Aggregation of simple porphyrins through ʌ-ʌ stacking is a well-understood phenomenon.
24 
Alkyl chains and amide substituents, to induce additional van der Waals
25 interaction and 
hydrogen bonding networks,
26 respectively, have shown to enhance self-organized H-
aggregated columnar stacks both in solution and on surfaces.  
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Scheme 11. Proposed concept of photo-irradiation controlled change in helical aggregation. 
The porphyrin was substituted with one amide and three alkyl groups. Along with the 
assisted self-assembling capabilities, the amide was incorporated to have directed 
orientation to promote chirality translation of the optically active moiety to supramolecular 
structure. Additionally, alkyl chains were introduced for enhanced solubility of the 
molecule and to facilitate enantiomer separation using chiral HPLC. 
The repetitive unidirectional rotation and helix inversion around the overcrowded 
alkene (the axle of rotation) of the motor 13 would be achieved by the photoisomerization 
process (step 1) from the stable 13 (pseudo-axial orientation of the methyl substituent) to 
the unstable 13’ (the methyl in pseudo-equatorial conformation) that would revert back to 
the stable 13 form upon heating (step 2) as shown in Scheme 11. 
The synthesis of porphyrin-motor hybrid 13 was initiated from motor 32 and porphyrin 
33. The porphyrin 33 was synthesized following the procedure shown in Scheme 12, 
employing a mixture of 34, 35 and 36. Freshly distilled pyrrole 36 was condensed with 
methyl 4-formylbenzoate 34 and p-(dodecyloxy)benzaldehyde 35
27 (ratio 4:1:3), and the 
reaction mixture oxidized with chloranil to afford the methyl ester substituted porphyrin. 
This was followed by treatment with KOH in methanol at reflux to provide the acid 
substituted porphyrin 37.
28 Porphyrin 37 was treated with thionyl chloride and quenched 
with ammonia to afford the amide substituted porphyrin 33. Palladium-catalyzed Buchwald New Design of Molecular Motors: Toward Functional Motors 
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coupling
29 of 33 with bromide motor 32 gave the target molecule porphyrin-motor hybrid 
13 in a moderate yield. 
N
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Scheme 12. The synthesis of porphyrin precursor 33 and porphyrin-motor hybrid 13. 
Next the enantiomers of the molecular porphyrin-motor hybrid 13 were separated by 
preparative chiral HPLC (chiralcel AD column, 85:15; n-heptane: i-propanol) to provide 
the enantiopure isomers of stable (2’R)-(P)-13 and stable (2’S)-(M)-13. Although the alkyl 
chains were introduced for added solubility of the molecule 13 and to facilitate enantiomer 
separation, we still have a problem to separate this compound by preparative chiral HPLC. 
The problem is that the solvents (propanol and heptanes) are not polar enough and then the 
porphyrin-motor hybrid 13 starts aggregating on the column and the machine cannot 
operate properly anymore. The easy solution would be the separation of molecular motor 
32 before the last step i.e. Buchwald coupling reaction.     
Figure 9a showed UV/Vis spectra of porphyrin 33 (solid line) and motor-porphyrin 
hybrid 13 (dotted line) in order to compare and confirm that compound 13 has both motor 
and porphyrin units. Unfortunately due to strong absorption signal of porphyrin unit of 
compound 13 (Omax = 420 nm), we cannot observe a distinctive UV/Vis absorption band of 
motor unit (as shown in Figure 6, Omax = 395 nm). However, motor-porphyrin hybrid 13 
was characterized and the structure confirmed by 
1H, 
13C NMR spectroscopy and MALDI-
TOF mass spectrometry. 
UV/Vis and 
1H NMR spectroscopy measurements were first performed on racemic 
compound 13. Figure 9b shows the UV/Vis spectra associated with the photoisomerization 
process of compound 13 before and after irradiation with UV-light (O >  365 nm) in 
chloroform at -10°C. The results showed no change of UV/Vis spectra before (solid line) 
and after irradiation (dashed line) even if a different solvent was used (toluene). These data,  
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suggested that the photoirradiation process of the motor moiety was probably quenched by 
porphyrin unit of the compound 13. 
A) B)
 
Figure 9. a) UV/Vis spectra of porphyrin 33 (solid line, 1×10
-6 M in CHCl3) and porphyrin-
motor hybrid 13 (dotted line, 1×10
-6 M in CHCl3) at rt. b) UV/Vis spectra of porphyrin-
motor 13 before (solid line) and after irradiation (dashed line) in CHCl3 at -10°C. 
Therefore, 
1H NMR experiments have been performed to confirm the results of 
UV/Vis spectroscopy measurement (Figure 10). Distinctive features in the 
1H NMR spectra 
of stable 13 in CDCl3 are the protons in the aliphatic region at G 2.92 (Hc), 3.72 (Hb) and 
4.42 (Ha). 
1H NMR analysis at intervals during the irradiation process after 1 h at -20°C 
indicated no change from stable 13 to unstable 13’ (similar no changes were observed in 
toluene-d8). 
A)
B)
Hb
Hc Ha
Hd
Initial motor 13
After irradiation
 
Figure 10. 
1H NMR spectra of porphyrin-motor 13 were obtained in CDCl3 and measured 
at -40°C (500 MHz); a) Corresponds to stable 13 before irradiation. b) Corresponds to 
stable 13 after irradiation with 365 nm UV-light for 1 h at -20°C. New Design of Molecular Motors: Toward Functional Motors 
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These NMR experiments confirmed the results of the UV/Vis spectroscopy 
measurements. Quenching of photoirradiation processes by porphyrin moieties have been 
reported with few examples of azo-benzenes porphyrin hybrids.
30 While extensive 
comparative studies of the nature of spacer groups have been performed in fullerene with 
pending azo-benzene units to minimize similar intramolecular energy- and electron-transfer 
processes,
31 no such studies have been conducted with porphyrins. The problem of this 
system might be that the distance between motor and porphyrin units is too short and/or the 
electron can delocalize between these two units.  
Subsequently, the structure of the hybrid system was changed to another compound 38, 
which has a butyl group between motor and porphyrin part, to determine the importance of 
the spacer group between the light-driven motor and the porphyrin that might retain the 
photoisomerization properties of the motor unit (Figure 11). 
 
Figure 11. Structures of compound 13 and 38 with different spacers between porphyrin 
unit and motor moiety. 
It is possible that the spacer of compound can be increased with longer alkyl chain but 
helicity will be lost. Therefore this compound 38 with C4H9-spacer might prove to be a 
balanced structure for the hybrid which still function as a motor molecule and show 
changes in the self-aggregation.
32  
2.2.3   Synthesis of D-aryl substituent ketones for the molecular motors 14 
and 15 
While we were working on the porphyrin-motor hybrid 38, at the same time we also 
investigated an alternative approach of the upper-part ketones with D-aryl substituents at 
the stereogenic center. It was mentioned in the introduction that the size of substituent at 
the stereogenic center can increase or decrease the energy barrier of molecular motors in 
the thermal helix inversion step of the unstable isomers.
16 Moreover, enantiopure D-phenyl 
substituent second-generation molecular motor 11 has been used successfully as a chiral 
dopant in liquid crystals.
17 Recently, the first-generation molecular motor 39, with phenyl 
substituents at the stereogenic centers, showed interesting dynamic behavior. The phenyl  
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(rotor) groups were freely rotating in three of four isomers in a unidirectional rotary cycle 
of molecular motor 39, but were hindered in the fourth isomer (unstable trans-39’). This 
phenyl moiety can therefore act as a switch between a ‘rotation on’ state (stable cis-39), 
where the phenyl group is freely rotating, and a ‘rotation off’ state (unstable trans-39’), 
where the rotation of the rotor is either slowed down or stopped completely (Scheme 13).
33 
This rotation-on and rotation-off property was found before in a molecular gearbox.
34 More 
precisely the rate of rotation of the rotor part of a molecular gearbox was different for each 
of the four isomers of a rotary cycle of the motor. This type of control is an important step 
in the development of coupled rotary motion for the complex system. 
 
Scheme 13. A unidirectional rotary cycle of motor 39 and the rotation-on and rotation-off 
property of the rotor part of the molecule 39. 
  To explore the dynamic functions of this complex system further, we decided to 
synthesize and study molecules with a variety of D-aryl substituents in the upper part. As 
described before, the D-phenyl substituent ketone 40 was synthesized earlier in 6 steps
16 
(Scheme 14) starting from methyl 2-bromo-2-phenylacetate 41. The Horner-Wadsworth-
Emmons reaction of 42
35 with aldehyde 43 gave the precursor 44, followed by 
hydrogenation and hydrolysis reactions to provide acid 46. The intramolecular Friedel-
Crafts acylation of 46 provided the D-phenyl ketone upper-half 40 in moderate yield.      New Design of Molecular Motors: Toward Functional Motors 
 
65 
 
 
Br
O
OMe P(OMe)3
reflux
P
O
OMe
O
MeO
MeO
41 42
H
O
43
+
NaH
Et2O
77%
H O
OMe
H2,P d - C
MeOH
91%
O
OMe
44 45
KOH
H2O/EtOH
89%
O
OH
46
SOCl2
DMF
O
Cl
47
O
40
AlCl3
DCM
73%
 
Scheme 14. The “old” synthetic route of the D-phenyl upper-half 40.  
However, this procedure is very tedious and not convenient for varying the aryl group 
at the stereogenic center. We have targeted to find the shorter pathway to synthesize the D-
aryl substituent upper-halves. An efficient method to form a C-C bond between an aryl and 
the D-carbon of a carbonyl is a challenging problem in organic synthesis. Buchwald and co-
workers have reported an example of D-arylation of ketones in a reaction catalyzed by 
palladium.
36 
We explored a shorter synthetic route for D-aryl substituted ketones. The two steps 
synthetic approach towards D-aryl substituted ketones is shown in Scheme 15. The first step 
was a Friedel-Crafts acylation of naphthalene 48 with E-chloropropionyl chloride 49 to 
provide ketone 50. This is followed by an D-arylation reaction, catalyzed by palladium. The 
reaction conditions and a variety of aryl groups coupled in this way are shown in Table 2. 
 
Scheme 15. The new synthetic pathway of the D-aryl ketone upper-half. 
Table 2. Ketone arylations using Pd(OAc)2 and XPhos with different aryl halides.   
Entry Halide  Product  Mol%  Pd  Mol% 
XPhos 
% Yield 
 
1
a 
    
5 
 
10 
 
< 5% 
 
2 
    
20 
 
40 
 
36 
O
51 
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3 
    
50 
 
100 
 
62 
 
4 
    
20 
 
40 
 
32 
 
5 
    
50 
 
100 
 
67 
 
6 
    
20 
 
40 
 
36 
 
7 
    
50 
 
100 
 
70 
 
8
a 
    
50 
 
100 
 
42 
 
9 
    
50 
 
100 
 
13 
 
10 
    
50 
 
100 
- 
(side 
product) 
 
11
b 
    
50 
 
100 
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a) A ratio of Pd(OAc)2/XPhos (1 mol%: 2 mol%) for the arylation reaction was examined and no product was 
obtained. b) Aryl halide was prepared in one step from iodobenzyl alcohol with t-butyldiphenylsilyl chloride 
(TBDPSCl). 
In order to establish the optimal arylation conditions (Table 2), a few different 
Pd/XPhos ratios were tested (entry 1-3). While no arylation reaction was observed using 1: 
2 mol% of Pd/XPhos with 1-iodo-3,5-dimethylbenzene, employing an increased amount of 
Pd/Ligand (5: 10 mol%) in toluene at 120°C; 5% of product 51 was obtained (entry 1). The 
increase of Pd/Ligand to 50: 100 mol% resulted in D-arylation of 1-iodo-3,5-
dimethylbenzene, 1-iodo-2,6-dimethylbenzene, and iodobenzene in good yields of 62, 67 
and 70%, respectively (entry 3, 5 and 7). We have also observed arylation with an electron 
donating group (EDG) present at the phenyl moiety, as shown for m- and p-iodoanisole 
(entry 8 and 9). These results showed that arylation reaction is strongly dependent on the 
electron deficiency of the aryl halide reagent. The use of p-iodobenzyl bromide, which has 
acidic benzylic protons, resulted in side products (possibly from the SN2 reaction) rather 
than the desired product 55 (entry 10). In order to further functionalize the upper-half of 
molecular motors, we have also performed the arylation reaction with t-butyl(3-
iodobenzyloxy)diphenylsilane (TBDPS), providing aryl ketone 56 in 64% (in entry 11) 
which the OTBDPS moiety can be deprotected and further functionalized.  
These results illustrate that it is possible to synthesize the D-arylated ketone upper-half 
in two steps from naphthalene. Future optimization of this new procedure, especially for 
large scale synthesis, is required in view of the rather large amount of palladium catalyst 
and ligand that is used in the D-arylation reaction. Although these arylation reactions so far 
need a higher loading of palladium catalyst and ligand than anticipated,
36 it is a 
significantly more efficient route than the original six-step procedure in terms of yield and 
time.
16 Moreover, we found it to be a valuable alternative for small scale synthesis to access 
a range of different D-aryl substituted ketones suitable as molecular motor precursors to be 
tested in several applications. 
A subsequent McMurry coupling reaction of ketones 51 and 53 provided the first-
generation motors 14 and 15, respectively (Figure 12).
37a With these motors in hand we 
decided to study the property of both the light-driven motor part simultaneously with the 
rotation of the rotor part as before with molecular motor 39 showing coupled motion.
33,37b 
 
Figure 12. The new first-generation molecular motors 14 and 15 which contain motor and 
rotor parts compared to a motor 39 which has the same properties.  
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For both motors 14 and 15 it would be easier to study the rate of rotation of rotor part 
than in case of the phenyl motor 39 since the methyl or methoxy group on the rotor parts 
will help to distinguish between 2 situations: when the rotor parts are freely rotating 
(rotation-on stage) and when the rotors are slowing down (rotation-off stage). Purification 
of motor 14 was tried with flash column chromatography, preparative TLC and preparative 
HPLC but unfortunately neither the cis- nor the trans-isomers were obtained in pure form. 
On the other hand, the purification of motor 15 with flash column chromatography provides 
pure stable cis-15 and stable trans-15 without any problem. Thus we have focused on 
examining only motor 15 for studying the dynamic behavior. Accordingly, experiments 
using UV/Vis, 
1H NMR, 2D-EXSY NMR spectroscopic measurements on motor 15 have 
been performed.
37a The results show that the rotation of the m-anisole moiety in 15 is 
unhindered in the stable trans, unstable cis, and stable cis isomers, but hindered in the 
unstable trans isomer. Therefore, the system can be used as a light-switch between a state 
of free rotor rotation and a state of hindered (slow) rotor rotation.
37b 
2.2.4   New functionalized first-generation molecular motor 
As described above in  the introduction, the upper-half 17 has been applied in the 
second-generation molecular motor 9. This upper-half 17 has never been used to prepare 
the first-generation molecular motors. We decided to synthesize overcrowded alkene 60 
and study its dynamic behavior. In this section we will compare the new overcrowded 
alkene with the first-generation motors that we had designed before. If molecule 60 still 
shows satisfactory motor function, it is the intention to further functionalize it towards 
motor 16 in order to apply it as a new chiral dopant to induce rotational reorganization of 
the LC’s surface texture and moving a microscale object (Figure 13).
17 
 
Figure 13. Retrosynthesis of the new functionalized first-generation motor 16.  
The molecular motor 60 was conveniently prepared in two steps by a tandem Friedel-
Crafts/Nazarov cyclization of methacrylic acid onto p-bromoanisole in polyphosphoric acid 
to give upper-half ketone 17. A subsequent McMurry coupling of 17 provides a mixture of 
cis-60 and trans-60 in poor yield (Scheme 16). Separation of the isomers of motor 60 was 
achieved with flash column chromatography (SiO2, pentane: EtOAc; 98: 2) provided pure New Design of Molecular Motors: Toward Functional Motors 
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stable cis-60 (13 %) and stable trans-60 (16%). Both cis- and trans-60 were characterized 
by 
1H, 
13C NMR spectroscopy and HRMS. 
 
Scheme 16. The synthesis of first-generation molecular motor 60. 
We have anticipated that molecule 60 should function as a light-driven molecular 
rotary motor which proceeds through 4 switching steps (Scheme 17). Starting with stable 
trans-60, a photochemical isomerization would generate unstable cis-60’ in which the 
stereogenic methyl substituents are forced into a strained pseudo-equatorial conformation 
(step 1). This strain would be released during the thermal helix inversion step (step 2) 
whereby the molecule isomerizes to provide stable cis-60, in which the stereogenic methyl 
groups resume an energetically favored axial orientation. A second photochemical double 
bond isomerization (step 3) will generate unstable trans-60’, which is followed by a second 
thermal helix inversion (step 4) which regenerates stable trans-60. The two photochemical 
and two thermal steps add up to a full 360° rotation of the upper part relative to the lower 
part. The unidirectionality of the rotary cycle is dictated by the helicity of the overcrowded 
alkene and the absolute configuration of the stereogenic centers. 
 
Scheme 17. Rotary cycle of molecular motor 60. 
Irradiation of a solution of racemic
38 stable trans-60 in CH2Cl2 with 312 nm light at -
20°C showed a red-shift of the major long wavelength absorption band in the UV/Vis 
spectrum from 320 nm to an absorption centered at 340 nm (Figure 14A). Similarly, 
racemic stable cis-60 was irradiated with 312 nm light at -20°C and gave a red-shift of the 
UV/Vis absorption also (Figure 14B). These red-shifts are consistent with increased strain  
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on the central double bond, and hence the generation of higher energy isomers (unstable 
isomers).
10   
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Figure 14. a) UV/Vis spectra of stable trans-60 at -20°C (solid line) and following the PSS 
312 nm irradiation consisting of unstable cis-60’ (dotted line). b) UV/Vis spectra of stable 
cis-60 (solid line) and after irradiation with UV-light 312 nm consisting of unstable trans-
60’ (dotted line). 
In addition, the isomerization steps during the rotation process of motor 60 were 
studied in more detail by 
1H NMR spectroscopy. Characteristic features in the 
1H NMR 
spectrum of stable trans-60 are absorptions of the aliphatic protons at 2.42 (d, Hc) and at 
1.15 ppm (s, CH3) (Figure 15a). After irradiation (O > 312 nm at -35°C, 30 min) of stable 
trans-60 in CDCl3, the 
1H NMR spectrum showed that the photostationary state (PSS) 
consisted of a mixture of stable trans-60 and unstable cis-60’ in a 2:3 ratio (Figure 15b). 
The identity of unstable cis-60’ was evident from the appearance of a new set of 
absorptions. This change in their environment leads to an upfield shift from 2.42 ppm in 
stable  trans-60 to 2.14 ppm in unstable cis-60’. Informative changes also include the 
downfield shift of the doublet of the stereogenic methyl groups from 1.15 ppm in stable 
trans-60 to 1.42 ppm in unstable cis-60’. New Design of Molecular Motors: Toward Functional Motors 
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Figure 15. 
1H NMR spectra (500 MHz) of 60 in CDCl3. a) Stable trans-60, b) Unstable cis-
60’ formed upon photochemical isomerization (O > 312 nm), and c) A mixture of stable cis- 
and trans-60 obtained after thermal helix inversion of unstable cis-60’ at rt (all spectra were 
recorded at -40 °C). 
Upon warming the sample to room temperature for 30 min, the 
1H NMR spectrum 
revealed that unstable cis-60’ had undergone a quantitative thermal helix inversion to 
generate stable cis-60. Each of the absorptions from the unstable isomer were replaced by 
signals from the stable isomer, including the doublet from the stereogenic methyl at 1.42 
ppm shifting to 1.16 ppm (overlapping with stable trans-60). Upon going from an 
equatorial to an axial conformation (unstable to stable), the doublet absorption (Hc) at 2.14 
ppm is shifted downfield so this absorption appears at 2.55 ppm (stable cis-60, Hc) as 
shown in Figure 15c. These data demonstrate that this structurally modified motor 
undergoes the crucial thermal conversion from its unstable isomer to the stable isomer in an 
irreversible and unidirectional fashion. 
The thermal isomerization was followed by monitoring the change in absorption at 365 
nm at five different temperatures (Figure 16A). Using the Eyring equation (Figure 16B), it 
was determined that the isomerization has a Gibbs free energy of activation ('
‡G°) of 87.64 
kJ mol
í1.  
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Figure 16. a) Thermal conversion of unstable cis-60’ to stable cis-60 at 5 different 
temperatures monitored by UV/Vis spectroscopy in chloroform solution. b) Eyring plot for 
thermal conversion of unstable cis-60’ to stable cis-60.  
This value corresponds to a half-life at room temperature of 7.8 min, which shows that 
the thermal helix inversion is faster than the analogous helix inversion of the related motors 
3 and 4, of which the unstable cis to stable cis isomerization occurs with half-lives of 74 
min and 1.5 d, respectively. It is possible that the steric hindrance between two methoxy 
groups in the fjord region (compared with two methyl groups present in 4) results in 
subsequent destabilization of unstable cis-60’ relative to unstable cis-4’ even though the 
methoxy group is smaller than methyl group.
12 
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Figure 17. 
1H NMR spectra (500 MHz) of 60 in CDCl3. a) Stable cis-60, b) Unstable trans-
60’ formed upon photochemical isomerization, and c) A mixture of stable trans- and cis-60 
obtained after thermal helix inversion of unstable trans-60’ at rt (all spectra were recorded 
at -40°C). New Design of Molecular Motors: Toward Functional Motors 
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The next step in the rotary cycle was performed with stable cis-60, two aliphatic 
protons of stable cis-60 in chloroform solution are found at 2.55 ppm (d, Hc) and at 1.66 
ppm (s, CH3) as shown in Figure 17a. A subsequent irradiation of a solution of stable cis-60 
at 312 nm (at -35°C for 30 min) has generated a PSS comprising a mixture of stable cis-60 
and unstable trans-60’ in a 4:1 ratio. It showed that the ratio of PSS from stable cis-60 is 
slightly better than from stable cis-4 (89:11; stable cis-4: unstable trans-4’).
12 Photo-
isomerization to the unstable trans isomer was apparent from the upfield shift of the proton 
c (Hc) from 2.55 ppm in stable cis-60 to 2.33 ppm in unstable trans-60’. Additionally, the 
doublet from the methyl group at the stereogenic center shifted upfield from 1.15 ppm to 
0.82 ppm (Figure 17b). The 
1H NMR spectra after leaving the sample at room temperature 
for 20 min revealed that all of the absorptions of unstable trans-60’ were replaced by the 
absorptions expected from stable trans-60, exemplified by the shift of the doublet from the 
stereogenic methyl group from 0.82 to 1.17 ppm and proton c from 2.33 to 2.42 ppm 
(Figure 17c). These 
1H NMR data indicated that the thermal isomerization of unstable 
trans-60’ gave stable trans-60. 
The kinetic parameters of the thermal conversion of unstable trans-60’ to stable trans-
60 in chloroform solution were determined by monitoring the change in absorption at 365 
nm at five temperatures (Figure 18A). 
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Figure 18. a) Rate of conversion of unstable trans-60’ to stable trans-60 at 5 different 
temperatures monitored by UV/Vis spectroscopy in chloroform solution. b) Eyring plot for 
thermal conversion of unstable trans-60’ to stable trans-60. 
Using the Eyring equation (Figure 18B), the Gibbs free energy of activation was 
determined to be 87.96 kJ mol
-1, indicating that isomerization is slower (at rt: t1/2= 8.9 min) 
compared with the thermal isomerization of the analogous unstable trans-4’ to stable trans-
4 (t1/2= 1.2 s at rt). The possible reason is that the decrease in the steric crowding between a 
stereogenic methyl group and a methoxy group in the fjord region leads to more 
stabilization of unstable trans-60’ compared to unstable trans-4’.
12 
The change in structure from 4 to 60 leads to a tremendous acceleration of the thermal 
isomerization step from the unstable to the stable cis isomer, but a moderate deceleration of  
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the corresponding unstable to stable trans isomer. Meanwhile, the presence of the bromide 
group allows for further functionalization of the motor; for instance via well-established 
palladium cross-coupling chemistry. As a proof of concept, a p-anisole moiety was 
introduced in this way, and consequently motor cis-16 (Scheme 18) was obtained, 
generated by the Suzuki coupling with p-methoxyphenylboronic acid with 90% overall 
yield. Molecular motor 16 was characterized by 
1H, 
13C NMR spectroscopy and HRMS. 
 
Scheme 18. Synthesis of molecular motor 16.  
Unfortunately we decided not to further study this motor 16 because preliminary 
experiments showed that photoisomerization steps for both cis- and trans-60 are not so 
good (60% of unstable cis- from stable trans-60 (Figure 15b) and 20% PSS of unstable 
trans- from stable cis-60 as displayed in Figure 17b) to use as a chiral dopant in liquid 
crystals. 
2.3   Conclusions 
In this chapter, we have shown new short synthetic strategies 1) in order to synthesize 
the upper-half ketone of motors with functional groups like bromide 27 in one step and 2) 
to synthesize D-aryl ketones like phenyl substituent ketone 40 in two steps. In addition, 
bromide substituted motor 32 has been functionalized with a porphyrin to make porphyrin-
motor hybrid 13. Moreover, two of the D-aryl upper-half ketones (51 and 53) have been 
used to prepare first-generation molecular motors 14 and 15. UV/Vis and NMR 
spectroscopic studies of motor 15 have been used in order to elucidate the rate of rotation of 
the rotor part of molecular motor. This information on the control of the speed of rotation 
of the rotors might be useful in the design of more advanced molecular motors in the future. 
Furthermore, a new functionalized first-generation light-driven molecular motor 60 has 
been synthesized and studied. It is still found to preserve the photochemical and thermal 
steps to allow a 4-step rotary cycle. The change in structure from methyl to methoxy in the 
fjord region leads to a huge acceleration of the thermal isomerization step from the unstable 
to the stable cis isomer, but an insignificant deceleration of the corresponding unstable to 
stable trans isomer.  New Design of Molecular Motors: Toward Functional Motors 
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2.5   Experimental Section 
General Remarks. Chemicals were purchased from Aldrich, Acros, Fluka or Merck; 
solvents were reagent grade, distilled and dried before use according to standard 
procedures. All reactions were performed under an atmosphere of N2. Column 
chromatography was performed on silica gel (Aldrich 60, 230-400 mesh). 
13C NMR spectra 
were recorded on a Varian AMX400 (100 MHz). 
1H NMR spectra were recorded on a 
Varian AMX-500 (500 MHz) or a Varian AMX400 (400 MHz). Chemical shifts are 
denoted in G-unit (ppm) relative to CDCl3 (
1H G = 7.26, 
13C G = 77.0) and toluene-d8 (
1H G 
= 2.09). For 
1H NMR spectroscopy, the splitting parameters are designated as follows: s 
(singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br (broad), dd (double doublet), 
dt (doublet of triplets). MS (EI) and HRMS (EI) spectra were obtained with JEOL JMS-600 
spectrometer. Melting points are taken on a Büchi Melting Point B-545 apparatus. UV/Vis 
measurements were performed on a Hewlett-Packard HP 8453 FT spectrophotometer. 
HPLC analyses were performed on a Waters HPLC system equipped with a 600E solvent 
delivery system and a 996 Photodiode Array Detector. Preparative HPLC was performed 
on a Shimadzu HPLC system consisting of two LC-20AT pumps, a DGU-20A3 
degasser, a SIL-20AC-HT auto-sampler, a CTO-20AC column oven, an SPD-M20A 
photo diode array detector, an FRC-10A fraction collector and a CBM-20A 
communication bus module. Elution speed was 1 ml min
-1. Melting points were taken on a 
Mettler FP-2 melting point apparatus, equipped with a Mettler FP-21 microscope. The IR 
spectroscopy measurements were performed on a Nicolet Nexus FT-IR apparatus. 
Irradiation experiments were performed using a Spectroline model ENB-280C/FE lamp at O 
= 312 nm (± 30 nm) and 365 nm (± 30 nm). Samples irradiated for 
1H NMR spectroscopic 
analysis were placed 2-3 cm from the lamp.  Photostationary states were determined by 
monitoring composition changes into time by taking UV/Vis spectra or 
1H NMR spectra at 
distinct intervals until no additional changes were observed. Kinetic analysis of the thermal 
isomerization steps was performed by UV/Vis spectroscopy. Changes in UV/Vis 
absorptions were measured at different temperatures. From the obtained data the rate 
constants (k) were obtained and an Eyring plot was made for both thermal steps and ǻ
‡H°,
 
ǻ
‡S°, ǻ
‡G and t1/2 (at 20 °C) of both cis- and trans-isomerizations of motors were calculated 
from these data. 
Synthesis of all compounds.  
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5-Bromo-2,3-dihydro-2-methylcyclopenta[a]naphthalen-1-one  (27). 1-
Bromonaphthalene (10.2 mL, 0.073 mol) was added to mechanically stirred polyphosphoric 
acid (100g, 1.04 mol) at 80 °C. After 10 min, methacrylic acid (18.5 mL, 0.217 mol) was 
added slowly to the vigorously stirred emulsion and stirring continued at 100°C for 10 h. 
After cooling the reaction mixture to 70 °C, ice was added. The reaction flask was then 
placed in an ice bath, the mixture diluted with water (75 mL) and stirred for 2 h. The 
mixture was further diluted with 500 mL of water in a beaker. After stirring for another 4 h, 
the reaction mixture was extracted with ether. The organic layers were washed with water, 
saturated aq. NaHCO3, brine, dried over Na2SO4 and solvents were removed in vacuo. The 
crude material was purified by column chromatography (silica gel; ethyl acetate: pentane = 
2:98 as an eluent, Rf = 0.48) yielding 27 (4.02 g, 14.6 mmol, 20 %) as a light brown liquid.
 
1H NMR (400 MHz, CDCl3) į 9.14 (d, J = 7.7 Hz, 1H), 8.23 (d, J = 7.7 Hz, 1H), 7.79 (s, 
1H),  7.68 (dt, J = 7.0, 1.5 Hz, 1H), 7.61 (dt, J = 7.0, 1.5 Hz, 1H), 3.41 (dd, J = 17.9, 7.7 
Hz, 1H), 2.77 (m, 1H), 2.73 (dd, J = 15.4, 3.3 Hz, 1H), 1.34 (d, J = 7.4 Hz, 3H); 
13C NMR 
(100 MHz, CDCl3) G 209.1 (C), 156.2 (C), 131.6 (C), 131.1 (C), 130.2 (C), 129.7 (C), 
129.6 (CH), 128.2 (CH), 127.7 (CH), 127.4 (CH), 124.2 (CH), 42.5 (CH), 34.9 (CH2), 16.6 
(CH3); HRMS (EI): m/z calcd for C14H11BrO: 273.9993, found 274.0052. 
 
9-(5-Bromo-2,3-dihydro-2-methylcyclopenta[a]naphthalen-1-ylidene)-9H-fluorenone 
(32). Lawesson’s reagent (4.15 g, 10.3 mmol) was added to a stirred solution of 27 (1.88 g, 
6.8 mmol) in toluene (30 mL). After heating at 90ºC for 1.5 h, the blue reaction mixture 
was cooled to room temperature. The reaction mixture was filtered through a SiO2 plug, to 
yield the thioketone which was used without further purification. To a solution of 
thioketone in toluene (50 mL), 9-diazo-9H-fluorene
3 (2.63 g, 13.7 mmol) was added and 
the mixture was heated at 80°C for 8 h. The formation of the episulfide was monitored by 
1H NMR spectroscopy by following the shift of the aromatic proton of the thioketone from 
10.15 ppm to 9.78 ppm for the episulfide intermediate. To the episulfide solution, PPh3 
(2.69 g, 10.3 mmol) was added and the mixture heated for an additional 4 h at 80ºC. The 
reaction mixture was concentrated in vacuo. The crude product was purified by column 
chromatography (silica gel; ethyl acetate: pentane = 1:99 as an eluent, Rf = 0.78) yielding 
32 (1.21 g, 2.9 mmol, 42 %) as a light yellow liquid; 
1H NMR(400 MHz, CDCl3) G 8.35 (d, 
J = 8.4 Hz, 1H), 7.96 (m, 1H), 7.92 (s, 1H), 7.83-7.85 (m, 2H), 1.38 (d, J = 7.0 Hz, 3H), 
7.74 (d, J = 7.3 Hz, 1H), 7.57 (t, J = 7.3 Hz, 1H), 7.34-7.41 (m, 3H), 7.22 (t, J = 7.3 Hz, New Design of Molecular Motors: Toward Functional Motors 
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1H), 6.79 (t, J = 7.7 Hz, 1H), 6.65 (d, J = 7.7 Hz, 1H), 4.33 (quin, J = 6.6 Hz, 1H) 3.55 (dd, 
J = 15.0, 5.5 Hz, 1H), 2.73 (d, J = 15.4 Hz, 1H); 
13C NMR (100 MHz, CDCl3) G 149.8 (C), 
147.3 (C), 140.1 (C), 139.7 (C), 136.9 (C), 136.6 (C), 131.1 (C), 130.8 (C), 130.7 (C), 
128.3 (CH), 127.9 (CH), 127.8 (CH), 127.3 (CH), 127.2 (CH), 127.1 (CH), 127.0 (CH), 
126.7 (CH), 126.0 (CH), 125.7 (CH), 125.3 (C), 124.1 (CH), 119.7 (CH), 119.04 (CH), 
45.6 (CH), 41.6 (CH2), 29.7 (CH2), 19.2 (CH3); HRMS (EI): m/z calcd for C27H19Br 
422.0570 found 422.0587.  
N
NH
N
HN
C12H25O
C12H25O
OC12H25
COOH  
21H,23H-5-p-Carboxyphenyl-10,15,20-tri-p-dodecoxyphenylporphyrin (37). An oven-
dried 1 L round bottom flask equipped with a magnetic stir bar was charged with 4-
(dodecyloxy)benzaldehyde 35
4 (13.36 g, 45.99 mmol), methyl 4-formylbenzoate (2.50 g, 
15.22 mmol), freshly distilled pyrrole (4.25 mL, 60.88 mmol) and chloroform (300 mL). 
The solution was degassed in the dark using a flow of nitrogen for 30 min. BF3·Et2O (0.16 
mL, 1.22 mmol) was then added and the resulting mixture was stirred at room temperature 
for 2h in the dark. Subsequently, chloranil (2.98 g, 12.11 mmol) was added and the mixture 
was allowed to stir overnight at room temperature in the dark. The solvent was removed in 
vacuo and the crude material was pre-purified by column chromatography (silica gel, 
toluene followed by toluene: dichloromethane; 5: 4). The second spot (mono-functionalized 
porphyrin) was dissolved in THF (90 mL) and pyridine (1 mL) was added. To the stirring 
mixture, KOH dissolved in MeOH (60 mL) was added and it was heated to reflux 
overnight. After cooling back to room temperature, the reaction was quenched with 1M aq. 
HCl, extracted with ethyl acetate and washed with H2O. The combined organic layers were 
dried over Na2SO4, and passed through a short silica plug. Removal of solvents in vacuo 
yielded 37 (1.85 g, 0.15 mmol, 10%) as a purple semi-solid. IR (cm
-1): 3311, 2919, 2851, 
1723, 1606, 1507, 1462, 1276, 1240, 1172, 1107, 965, 801, 738; 
1H NMR (CDCl3, 400 
MHz, peaks broadened due to dimerization) į 8.88-8.79 (m, 8H), 8.55 (d, J = 6.2 Hz, 2H), 
8.36 (d,  J = 6.3 Hz, 2H), 8.11-8.08 (m, 6H), 7.28-7.26 (m, 6H), 4.23-4.21 (m, 6H), 2.10-
1.95 (m, 6H), 1.70-1.50 (m, 6H), 1.50-1.10 (m, 48H), 0.95-0.80 (m, 9H), -2.76 (s, 2H); 
13C 
NMR (CDCl3, 100MHz) į 166.9, 159.2, 145.0, 135.8, 135.0, 134.5, 128.8, 120.4, 118.2, 
112.9, 68.6, 32.2, 30.0, 29.9, 29.8, 29.7, 29.6, 26.5, 23.0, 14.4; MALDI-TOF MS m/z 
(trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile as the matrix) 
calcd for C81H102N4O5 1210.79, found 1212 [M+H]
+.  
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21H,23H-5-p-Dimethylamidephenyl-10,15,20-tri-p-dodecoxyphenylporphyrin (33). An 
oven-dried three-necked round bottom flask equipped with a condenser was charged with 
37 (58.6 mg, 0.048 mmol). Thionyl chloride (2 mL) was then added and the reaction 
mixture was stirred to reflux under nitrogen for 3 h. The solvent was removed; the residue 
redissolved in dry toluene (15 mL) and liquid ammonia (5 mL) was added at -5°C. The 
solution was gradually warmed to room temperature over 30 min. The reaction mixture was 
then quenched with H2O, washed with brine, and extracted with ethyl acetate. The 
combined organic layers were dried over Na2SO4 and the solvents removed in vacuo. The 
crude product was purified by column chromatography (silica gel, 1:4 ethyl acetate: toluene 
as eluent) yielding 33 (51 mg, 0.042 mmol, 87%) as a purple semi-solid. IR (cm
-1): 3469, 
3315, 2919, 2851, 1726, 1672, 1606, 1507, 1467, 1280, 1242, 1172, 965, 801, 735; 
1H 
NMR (CDCl3, 400 MHz) į 8.90-8.70 (m, 8H), 8.28 (d, J = 7.8 Hz, 2H), 8.15 (d, J = 8.2 Hz, 
2H), 8.10 (m, 6H), 7.28 (m, 6H), 6.32 (s, broad, 1H), 5.84 (s, broad, 1H), 4.24 (m, 6H), 
2.10-1.95 (m, 6H), 1.68-1.55 (m, 6H), 1.55-1.10 (m, 48H), 0.95-0.75 (m, 9H), -2.76 (s, 
2H); 
13C NMR (CDCl3, 100MHz) į 169.5, 159.3, 146.6, 135.8, 134.9, 134.4, 132.7, 131.1, 
125.9, 120.7, 120.4, 118.2, 113.0, 68.6, 32.2, 30.0, 29.9, 29.8, 29.7, 29.6, 26.5, 23.0, 14.4; 
MALDI-TOF MS m/z (trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-
propenylidene]malononitrile as the matrix) calcd for C81H103N5O4 1209.80, found 
1211[M+H]
+. 
H
N
O
N
H
N
N
N
H
C12H25O
C12H25O
OC12H25
 
Porphyrin-Motor Hybrid 13. An oven-dried three-necked round bottom equipped with a 
condenser was charged with 33 (50 mg, 0.041 mmol), 32 (21.0 mg, 0.050 mmol), Pd2(dba)3 
(2.0 mg, 0.0022 mmol), Cs2CO3 (16.4 mg, 0.050 mmol), xanthphos (3.0 mg, 0.0052 mmol), 
and 1,4-dioxane (10 mL). The mixture was heated to 110°C overnight under nitrogen. After 
cooling back to room temperature, the crude mixture was passed through a short silica gel New Design of Molecular Motors: Toward Functional Motors 
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plug (wash with 1:4 ethyl acetate: heptane). The mixture was then purified using flash 
column chromatography (silica gel, 1:8 DCM: heptane as eluent) yielding 13 (50 mg, 0.032 
mmol, 78%) as a purple semi-solid. IR (cm
-1): 3315, 2919, 2847, 1726, 1681, 1654, 1606, 
1507, 1465, 1282, 1244, 1174, 963, 799, 731; 
1H NMR (CDCl3, 400 MHz) į 8.94 (d, J = 
4.8 Hz, 2H), 8.9 (s, broad, 4H), 8.85 (d, J = 4.6 Hz, 2H), 8.81 (s, 1H), 8.58 (s, 1H), 8.44 (s, 
broad, 4H), 8.21 (d, J = 8.6 Hz, 1H), 8.12 (m, 6H), 8.03 (m, 1H), 7.79 (d, J = 7.2 Hz, 1H), 
7.64 (t, J = 7.6 Hz, 1H), 7.43 (m, 3H), 7.28 (m, 6H), 6.85 (t, J = 7.2 Hz, 1H), 6.78 (d, J = 
7.8 Hz, 1H), 4.42 (m, 1H), 4.26 (m, 6H), 3.72 (dd, J = 5.7 Hz, 15.3 Hz, 1H), 2.92 (d, J = 
15.2 Hz, 1H), 2.00 (m, 6H), 1.64 (m, 6H), 1.48 (d, J = 6.7 Hz, 3H), 1.45-1.10 (m, 48H), 
1.00-0.72 (m, 9H), -2.72 (s, 2H); 
13C NMR (CDCl3, 100MHz) į 166.4, 159.3, 151.0, 148.2, 
146.9, 140.3, 140.0, 139.8, 137.3, 135.9, 135.3, 134.8, 134.5, 134.4, 134.3, 134.3, 130.6, 
128.9, 127.2, 127.2, 127.1, 127.1, 127.1, 126.2, 126.2, 126.0, 125.8, 125.8, 124.3, 121.0, 
120.8, 120.5, 119.9, 119.3, 118.4, 118.4, 118.3, 118.0, 113.0, 68.6, 45.6, 42.5, 32.2, 30.0, 
29.9, 29.8, 29.8, 29.6, 29.6, 26.5, 23.0, 14.4; MALDI-TOF MS m/z (trans-2-[3-(4-tert-
Butylphenyl)-2-methyl-2-propenylidene]malononitrile as the matrix) calcd for 
C108H121N5O4 1551.94, found 1553.64 [M+H]
+. 
 
2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one ( 50). A solution of E-chloropropionyl 
chloride (7.5 mL, 78 mmol) and naphthalene (10 g, 78 mmol) in 25 mL of CS2 under 
nitrogen atmosphere was added over 45 min to anhydrous AlCl3 (13 g, 94 mmol) in CS2 
(100 mL). After 4 h of stirring at room temperature, the carbon disulfide was removed 
under reduced pressure to provide a crude oil. To the residual oil 50 mL of concentrated 
H2SO4 were added and the mixture was heated at 90°C for 40 min. After cooling to room 
temperature, the mixture was poured onto 300 g of crushed ice and the reaction mixture 
was extracted with ether. The combined organic layers were washed with water, saturated 
aq. NaHCO3, brine, dried over Na2SO4, filtered and volatiles were removed in vacuo. The 
crude material was purified by flash column chromatography (SiO2, pentane/EtOAc 5:95, 
Rf = 0.64) yielding 50 (11 g, 58 mmol, 74 %) as a white solid; mp 105.0-105.3qC;
 1H NMR 
(400 MHz, CDCl3) į 2.69 (t, J= 5.3 Hz, 2H), 3.07 (t, J= 5.3 Hz, 2H ), 7.37 (d, J= 8.2 Hz, 
1H), 7.50 (t, J= 7.0 Hz, 1H), 7.62 (t, J= 8.2 Hz, 1H), 7.81 (d, J= 8.2 Hz, 1H), 7.91 (d, J= 
8.5 Hz, 1H), 9.11 (d, J= 8.2 Hz, 1H); 
13C-NMR (100 MHz, CDCl3) į 26.0 (CH2), 36.7 
(CH2), 123.7 (CH), 123.8 (CH), 126.4 (CH), 127.9 (CH), 128.6 (CH), 129.2 (C), 130.7 (C), 
132.4 (C), 135.4 (CH), 158.2 (C), 207.2 (C); HRMS (EI): m/z calcd. for C13H10O: 
182.0732, found 182.0735. 
 
General Procedure A for D-Arylation Reaction: 2-(3,5-dimethylphenyl)-2,3-dihydro-
1H-cyclopenta[a]naphthalen-1-one (51). Pd(OAc)2 (0.22 g, 0.96 mmol), t-BuONa (0.46  
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g, 4.8 mmol) and 2-dicyclohexylphosphino-2’,4’,6’-triisopropylbiphenyl (0.92 g, 1.9 
mmol) were dissolved in toluene (5 mL) under a nitrogen atmosphere. A mixture of ketone 
50 (0.42 g, 2.30 mmol) and 1-iodo-3,5-dimethylbenzene (0.33 mL, 1.9 mmol) in toluene (5 
mL) were added. The mixture was stirred and heated at reflux overnight. The mixture was 
then cooled to room temperature and water (25 mL) was added. The mixture was extracted 
with diethyl ether (3×25 mL), washed with water (25 mL), dried (Na2SO4), filtered and 
concentrated in vacuo. The crude product was purified with flash column chromatography 
(SiO2, pentane: EtOAc; 9: 1, Rf = 0.58). Ketone 51 was obtained as a brown powder (0.32 
g, 1.18 mmol, 62%); 
1H NMR (400 MHz, CDCl3) į 2.28 (s, 6H), 3.34 (dd, J = 15.4, 5.4 Hz, 
1H), 3.70–3.80 (m, 1H), 3.91 (dd, J = 9.7, 4.8 Hz, 1H), 6.83 (s, 2H), 6.90 (s, 1H), 7.54–7.61 
(m, 2H), 7.64–7.72 (m, 1H), 7.92 (d, J = 8.4 Hz, 1H), 8.10 (d, J = 8.5 Hz, 1H), 9.16 (d, J = 
8.7 Hz, 1H); 
13C NMR (101 MHz, CDCl3) į 21.3 (CH), 36.3 (CH2), 53.8 (CH3), 123.8 
(CH), 124.2 (CH), 125.6 (CH), 126.7 (CH), 128.1 (CH), 128.7 (CH), 129.0 (CH), 129.7 
(C), 130.2 (C), 132.9 (C), 136.1 (CH), 138.4 (C), 139.9 (C), 157.2 (C), 206.7 (C). HRMS 
(EI): m/z calcd for C21H18O: 286.3670, found 286.3633. 
 
2-(2,6-dimethylphenyl)-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one (52). Ketone 52 
was prepared via general procedure A, from ketone 50 (117 mg, 0.65 mmol) and 1-iodo-
2,6-dimethylbenzene (100 mg, 0.43 mmol), using Pd(OAc)2 (48 mg, 0.22 mmol), t-BuONa 
(120 mg, 1.29 mmol) and 2-dicyclohexylphosphino-2’,4’,6’-triisopropylbiphenyl (210 mg, 
0.43 mmol). The crude product was purified using flash column chromatography (SiO2, 
pentane: EtOAc 9: 1, Rf = 0.55). Ketone 52 was obtained as a pale yellow powder (82 mg, 
0.29 mmol, 67%); 
1H NMR (400 MHz, CDCl3) į 1.91 (s, 3H), 2.48 (s, 3H), 3.25 (dd, J = 
17.5, 4.5 Hz, 1H), 3.74 (dd, J = 17.9, 8.1 Hz, 1H), 4.38 (dd, J = 8.0, 4.8 Hz, 1H), 7.00 (t, J 
= 4.5 Hz, 1H), 7.10 (d, J = 4.7 Hz, 2H), 7.54–7.63 (m, 2H), 7.70 (t, J = 7.6 Hz, 1H), 7.94 
(d, J = 8.2 Hz, 1H), 8.11 (d, J = 8.4 Hz, 1H), 9.24 (d, J = 8.4 Hz, 1H); 
13C NMR (101 MHz, 
CDCl3) į 21.3 (CH), 34.2 (CH2), 50.4 (CH3), 123.8 (CH), 124.1 (CH), 126.7 (CH), 126.9 
(CH), 128.12 (CH), 128.14 (CH), 128.9 (CH), 129.4 (CH), 130.8 (C), 132.9 (C), 135.8 
(CH), 136.4 (C), 137.8 (C), 155.5 (C), 207.0 (C). HRMS (EI): m/z calcd for C21H19O: 
287.1430, found 287.1439. 
O  
2-phenyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one (40). Ketone 40 was prepared 
via general procedure A, from ketone 50 (0.13 g, 0.74 mmol) and iodobenzene (0.1 g, 0.49 
mmol), using Pd(OAc)2 (55 mg, 0.25 mmol), t-BuONa (0.14 g, 1.47 mmol) and 2-
dicyclohexylphosphino-2’,4’,6’-triisopropylbiphenyl (0.23 g, 0.49 mmol). The crude New Design of Molecular Motors: Toward Functional Motors 
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product was purified using flash column chromatography (SiO2, pentane: EtOAc; 85: 15, Rf 
= 0.54). Ketone 40 was obtained as a brown powder (88.5 mg, 0.34 mmol, 70%); 
1H NMR 
(400 MHz, CDCl3) į 3.36 (dd, J = 17.9, 3.4 Hz, 1H), 3.75 (dd, J = 17.9, 7.9 Hz, 1H), 3.99 
(dd, J = 7.9, 3.4 Hz, 1H), 7.24–7.30 (m, 3H), 7.33–7.38 (m, 2H), 7.55–7.61 (m, 2H), 7.69 
(t, J = 7.6 Hz, 1H), 7.93 (d, J = 8.1 Hz, 1H), 8.10 (d, J = 8.4 Hz, 1H), 9.19 (d, J = 8.3 Hz, 
1H);
 13C NMR (101 MHz, CDCl3) į 36.2 (CH2), 53.9 (CH), 123.8 (CH), 124.1 (CH), 126.8 
(CH), 127.0 (CH), 127.9 (CH), 128.2 (CH), 128.9 (CH), 129.1 (CH), 129.7 (C), 130.2 (C), 
132.9 (C), 136.2 (CH), 140.0 (C), 157.1 (C), 206.4 (C). HRMS (EI): m/z calcd. for 
C19H14O: 258.1045, found 258.1041. 
 
2-(3-methoxyphenyl)-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one (53). Ketone 53 
was prepared via general procedure A, from ketone 50 (0.57 g, 3.1 mmol) and 1-iodo-3-
methoxybenzene (0.61 g, 2.6 mmol), using Pd(OAc)2 (0.29 g, 1.3 mmol), t-BuONa (0.62 g, 
6.4 mmol) and 2-dicyclohexylphosphino-2’,4’,6’-triisopropylbiphenyl (1.2 g, 2.6 mmol). 
The crude product was purified using flash column chromatography (SiO2, pentane: 
EtOAc; 4: 1, Rf = 0.45). Ketone 53 was obtained as a yellow oil (0.31 g, 1.09 mmol, 35%); 
1H NMR (400 MHz, CDCl3) į 3.36 (dd, J = 17.8, 3.4 Hz, 1H), 3.72–3.81 (m, 4H), 3.97 (dd, 
J = 7.9, 3.4 Hz, 1H), 6.77–6.85 (m, 3H), 7.21–7.29 (m, 1H), 7.55–7.60 (m, 2H), 7.68 (ddd, 
J = 8.3, 7.0, 1.3 Hz, 1H), 7.92 (d, J = 8.1 Hz, 1H), 8.11 (d, J = 8.4 Hz, 1H), 9.15 (d, J = 8.4 
Hz, 1H); 
13C NMR (101 MHz, CDCl3) į 36.1 (CH2), 53.8 (CH), 55.2 (CH3), 112.3 (CH), 
113.8 (CH), 120.1 (CH), 123.7 (CH), 124.1 (CH), 126.8 (CH), 128.1 (CH), 129.1 (CH), 
129.7 (C), 129.8 (CH), 130.2 (C), 132.9 (C), 136.2 (CH), 141.5 (C), 157.1 (C), 159.9 (C), 
206.2 (C). HRMS (EI): m/z calcd. for C20H17O2: 289.1223, found 289.1208 (M+H
+). 
 
2-(4-methoxyphenyl)-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one ( 54). Ketone 54 
was prepared via general procedure A, from ketone 50 (93 mg, 0.51 mmol) and 1-iodo-3-
methoxybenzene (100 mg, 0.43 mmol), using Pd(OAc)2 (47.9 mg, 0.21 mmol), t-BuONa 
(103 mg, 1.07 mmol) and 2-dicyclohexylphosphino-2’,4’,6’-triisopropylbiphenyl (204 mg, 
0.43 mmol). The crude product was purified using flash column chromatography (SiO2, 
pentane: EtOAc; 4: 1, Rf = 0.47). Ketone 54 was obtained as a pale yellow oil (16.1 mg, 
0.056 mmol, 13%); 
1H NMR (400 MHz, CDCl3) į 3.33 (dd, J = 17.8, 3.4 Hz, 1H), 3.76 (dd, 
J = 11.9, 6.0 Hz, 1H), 3.79 (s, 3H), 3.95 (dd, J = 7.9, 3.5 Hz, 1H), 6.87 (d, J = 8.7 Hz, 2H), 
7.16 (d, J = 8.7 Hz, 2H), 7.56–7.61 (m, 2H), 7.67 (t, J = 7.7 Hz, 1H), 7.92 (d, J = 8.5 Hz, 
1H), 8.10 (d, J = 8.4 Hz, 1H), 9.14 (d, J = 8.3 Hz, 1H); 
13C NMR (101 MHz, CDCl3) į 36.2 
(CH2), 53.0 (CH), 55.3 (CH3), 114.3 (CH), 123.8 (CH), 124.1 (CH), 126.7 (CH), 128.1 
(CH), 128.8 (CH), 129.0 (CH), 129.7 (C), 130.1 (C), 132.0 (C), 132.9 (C), 136.1 (CH), 
156.9 (C), 158.6 (C), 206.7 (C). HRMS (EI): m/z calcd. for C20H17O2: 289.1223, found 
289.1233 (M+H
+).  
 
 
82 
 
 
Chapter 2 
 
 
2-(3-((tert-butyldiphenylsilyloxy)methyl)phenyl)-2,3-dihydro-1H-
cyclopenta[a]naphthalen-1-one (56). Ketone 56 was prepared via general procedure A, 
from ketone 50 (0.71 g, 3.93 mmol) and tert-butyl(3-iodobenzyloxy)diphenylsilane (1.53 g, 
3.25 mmol), using Pd(OAc)2 (0.36 g, 1.62 mmol), t-BuONa (0.78 g, 8.13 mmol) and 2-
dicyclohexylphosphino-2’,4’,6’-triisopropylbiphenyl (1.55 g, 3.25 mmol). The crude 
product was purified using flash column chromatography (SiO2, pentane: EtOAc; 95: 5, Rf 
= 0.42). Ketone 56 was obtained as a yellow oil (1.09 g, 2.07 mmol, 64%); 
1H NMR (400 
MHz, CDCl3) į 1.07 (s, 9H), 3.36 (dd, J = 17.9, 3.2 Hz, 1H), 3.77 (dd, J = 17.9, 7.9 Hz, 
1H), 4.01 (dd, J = 7.9, 3.2 Hz, 1H), 4.79 (s, 2H), 7.19 (s, 1H), 7.32–7.46 (m, 10H), 7.65–
7.71 (m, 4H), 7.77 (d, J = 7.9 Hz, 2H), 7.95 (d, J = 8.1 Hz, 1H), 8.12 (d, J = 8.4 Hz, 1H), 
9.20 (d, J = 8.4 Hz, 1H); 
13C NMR (101 MHz, CDCl3) į 19.20 (C), 26.73 (CH3), 36.22 
(CH2), 53.73 (CH), 65.27 (CH2), 123.70 (CH), 124.08 (CH), 124.53 (CH), 124.92 (CH), 
126.58 (CH), 126.68 (CH), 127.62 (CH), 127.64 (CH), 128.09 (CH), 128.69 (CH), 129.00 
(CH), 129.56 (CH), 129.59 (CH), 129.71 (C), 130.14 (C), 132.86 (C), 133.36 (C), 134.75 
(CH), 135.18 (C), 135.48 (CH), 136.11 (CH), 139.94 (C), 141.63 (C), 157.16 (C), 206.42 
(C), four (CH) absorption of aromatic protons were not observed (overlapping signal). 
HRMS (EI): m/z calcd for C36H35O2Si: 527.2401, found 527.2425 (M+H
+). 
and
MeO
OMe OMe
OMe
 
2,2’-bis(3-methoxyphenyl)-2,2’,3,3’-tetrahydro-1,1’-
bi(cyclopenta[a]naphthalenylidene) (15). 
TiCl4 (0.20 mL, 1.8 mmol) was added dropwise to a stirred suspension of Zn (0.24 g, 3.6 
mmol) in THF (10 mL) at room temperature under a nitrogen atmosphere. The mixture was 
heated at reflux for 2 h in an oil bath. Ketone 53 (0.26 g, 0.91 mmol) in THF (5 mL) was 
added and the mixture was stirred overnight at reflux. The mixture was then cooled, added 
to 25 mL of a saturated aqueous solution of NH4Cl and extracted with Et2O (3×20 mL). The 
combined organic layers were washed with brine (2×20 mL), dried over Na2SO4, filtered 
and concentrated in vacuo. Alkene 5 was obtained (85 mg, 0.16 mmol, 35%), as a mixture 
of trans- and cis-isomers in approximately a 3:2 ratio. A mixture of trans-15 and cis-15 was 
purified by chromatography (silica gel; pentane: EtOAc; 99.5:0.5 to 99:1, no air pressure, 
Rf -trans = 0.62, Rf -cis = 0.59) to give the trans-15 (50 mg, 0.092 mmol, 21%) and cis-15 
(35 mg, 0.064 mmol, 14%). New Design of Molecular Motors: Toward Functional Motors 
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Trans-15 (white solid, appearing as a yellow fluorescent spot on TLC);
 1H NMR (400 MHz, 
CDCl3) į 2.79 (d, J = 14.9 Hz, 1H), 3.50 (dd, J = 14.9, 6.7 Hz, 1H), 3.61 (s, 3H), 4.26 (d, J 
= 6.5 Hz, 1H), 6.70 (s, 1H), 6.72 (t, J = 7.9 Hz, 2H), 6.92 (t, J = 7.0 Hz, 1H), 7.10 (t, J = 
7.8 Hz, 1H), 7.27 (d, J = 8.9 Hz, 1H), 7.35 (t, J = 7.5 Hz, 1H), 7.73 (d, J = 8.2 Hz, 1H), 
7.78 (d, J = 8.5 Hz, 1H), 7.83 (d, J = 8.0 Hz, 1H);
 13C NMR (101 MHz, CDCl3) į 43.3 
(CH2), 54.0 (CH), 55.0 (CH3), 111.4 (CH), 113.8 (CH), 120.6 (CH), 123.7 (CH), 124.9 
(CH), 125.5 (CH), 127.7 (CH), 128.2 (CH), 128.8 (CH), 129.0 (C), 129.1 (CH), 133.0 (C), 
139.4 (C), 140.2 (C), 140.8 (C), 147.1 (C), 159.3 (C). HRMS (ESI): m/z calcd. for 
C40H33O2: 545.2475, found 545.2492. 
Cis-15 (yellow solid, appearing as a blue fluorescent spot on TLC);
 1H NMR (400 MHz, 
CDCl3) į 2.99 (d, J = 15.7 Hz, 1H), 3.63 (s, 3H), 3.86 (dd, J = 15.4, 7.2 Hz, 1H), 4.50 (d, J 
= 7.2 Hz, 1H), 6.47 (t, J = 7.0 Hz, 1H), 6.68 (dd, J = 8.2, 1.8 Hz, 1H), 6.77 (s, 1H), 6.80 
(dd, J = 15.1, 8.5 Hz, 2H), 7.02 (t, J = 7.0 Hz, 1H), 7.09 (t, J = 7.8 Hz, 1H), 7.38 (d, J = 8.1 
Hz, 1H), 7.68 (d, J = 8.2 Hz, 1H), 7.72 (d, J = 8.2 Hz, 1H); 
13C NMR (101 MHz, CDCl3) į 
42.4 (CH2), 53.0 (CH), 55.0 (CH3), 111.3 (CH), 113.2 (CH), 119.7 (CH), 123.1 (CH), 124.4 
(CH), 124.6 (CH), 126.6 (CH), 127.8 (CH), 129.1 (C), 129.3 (CH), 129.4 (CH), 132.4 (C), 
138.1 (C), 138.9 (C), 144.0 (C), 147.3 (C), 159.6 (C). HRMS (ESI): m/z calcd. for 
C40H33O2: 545.2475, found 545.2483. 
 
4-bromo-7-methoxy-2-methyl-2,3-dihydro-1H-inden-1-one  (17). 1-bromo-4-
methoxybenzene (2.1 mL, 16.9 mmol) was added to mechanically stirred polyphosphoric 
acid (50 g, 0.52 mol) at 80 °C. After 10 min, methacrylic acid (1.85 mL, 21.7 mmol) was 
added slowly to the vigorously stirred emulsion and stirred was continued at 110°C for 3 h. 
After cooling the reaction mixture to 70 °C, ice was added. The reaction flask was then 
placed in an ice bath, the mixture diluted with water (100 mL) and stirred for 2 h. The 
mixture was further diluted with 500 mL of water in a beaker. After stirring for another 2 h, 
the reaction mixture was extracted with ether. The organic layers were washed with water, 
saturated aq. NaHCO3, brine, dried over Na2SO4 and solvents were removed in vacuo. The 
crude material was purified by column chromatography (silica gel; ethyl acetate: pentane = 
1:4 as an eluent, Rf = 0.42) yielding 17 (1.37 g, 5.4 mmol, 32 %) as a light brown liquid.
 1H 
NMR (400 MHz, CDCl3) į 1.23 (d, J = 7.4 Hz, 3H), 2.50 (dd, J = 17.6, 3.8 Hz, 1H), 2.59–
2.65 (m, 1H), 3.18 (dd, J = 17.7, 7.9 Hz, 1H), 3.86 (s, 3H), 6.66 (d, J = 8.6 Hz, 1H), 7.55 
(dd, J = 8.7, 1.9 Hz, 1H); 
13C NMR (100 MHz, CDCl3) į 16.3 (CH3), 35.6 (CH2), 41.9 
(CH), 55.8 (CH3), 111.1 (CH), 111.4 (C), 125.8 (C), 138.4 (CH), 154.7 (C), 157.1 (C), 
206.1 (C); m/z (EI+, %) = 254 (M+, 100), 225 (92); HRMS (EI): m/z calcd for C11H11O2Br: 
253.9942, found 253.9931.  
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4,4'-dibromo-7,7'-dimethoxy-2,2'-dimethyl-2,2',3,3'-tetrahydro-1,1'-biindenylidene 
(60). TiCl4 (0.72 mL, 6.5 mmol) was added dropwise to a stirred suspension of Zn (0.85 g, 
13.0 mmol) in THF (10 mL) at room temperature under a nitrogen atmosphere. The mixture 
was heated at reflux for 2 h in an oil bath. Ketone 17 (0.83 g, 3.2 mmol) was added and the 
mixture was stirred overnight at reflux. The mixture was then cooled, added to 25 mL of a 
saturated aqueous solution of NH4Cl, and extracted with Et2O (3×20 mL). The combined 
organic layers were washed with brine (2×20 mL), dried over Na2SO4, filtered and 
concentrated in vacuo. The crude residue was purified by flash chromatography (silica gel; 
ethyl acetate: pentane = 2:98 as an eluent, Rf -cis = 0.70, Rf -trans = 0.72) to give the trans-
60 (198 mg, 13%) and cis-60 (244 mg, 16%) isomer. 
Cis-60: 
1H NMR (400 MHz, CDCl3) į 1.16 (d, J = 6.7 Hz, 3H), 2.56 (d, J = 15.6 Hz, 1H), 
3.25 (dd, J = 15.6, 6.6 Hz, 1H), 3.30–3.36 (m,  1H), 3.37 (s, 3H), 6.55 (d, J = 8.6 Hz, 1H), 
7.30 (d, J = 8.6 Hz, 1H); 
13C NMR (100 MHz, CDCl3) į 20.9 (CH3), 39.9 (CH2), 41.2 (CH), 
54.4 (CH3), 109.4 (CH), 110.3 (C), 130.6 (CH), 131.7 (C), 139.0 (C), 146.2 (C), 156.1 (C); 
HRMS (EI): m/z calcd for C22H22Br2O2: 475.9987, found 475.9975.  
Trans-60: 
1H NMR (400 MHz, CDCl3) į 1.16 (d, J = 6.5 Hz, 3H), 2.42 (d, J = 15.2 Hz, 
1H), 2.80 (dd, J = 15.2, 6.3 Hz, 1H), 2.86–2.94 (m, 1H), 3.85 (s, 3H), 6.71 (d, J = 8.6 Hz, 
1H), 7.32 (d, J = 8.7 Hz, 1H); 
13C NMR (100 MHz, CDCl3) į 20.3 (CH3), 41.5 (CH2), 42.5 
(CH), 54.9 (CH3), 111.1 (CH), 111.7 (C), 130.9 (CH), 131.1 (C), 140.3 (C), 146.8 (C), 
154.7 (C); HRMS (EI): m/z calcd for C22H22Br2O2: 475.9987, found 475.9982. 
 
(Z)-7,7'-dimethoxy-4,4'-bis(4-methoxyphenyl)-2,2'-dimethyl-2,2',3,3'-tetrahydro-1,1'-
biindenylidene  (16). To a solution of (Z)-4,4'-dibromo-7,7'-dimethoxy-2,2'-dimethyl-
2,2',3,3'-tetrahydro-1,1'-biindenylidene (60) (93 mg, 0.19 mmol) in toluene (5 mL) was 
added by a syringe to a solution of p-methoxyphenylboronic acid (29 mg, 0.43 mmol) in 
ethanol (5 mL) under a nitrogen atmosphere. After stirring for 10 min at rt, the mixture of 
Pd(PPh3)4 (22 mg, 0.02 mmol) in toluene (2 mL) and aqueous Na2CO3 (2 M, 0.58 mL) was 
added to the reaction. The reaction mixture was heated at reflux overnight, cooled to rt, 
diluted with Et2O (50 mL), washed with water (100 mL), brine (100 mL), dried (Na2SO4) 
and concentrated in vacuo. The residue was purified by column chromatography on silica 
gel (ethyl acetate: pentane = 5:95 as an eluent, Rf = 0.35) to yield the (Z)-7,7'-dimethoxy-New Design of Molecular Motors: Toward Functional Motors 
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4,4'-bis(4-methoxyphenyl)-2,2'-dimethyl-2,2',3,3'-tetrahydro-1,1'-biindenylidene (16) as a 
yellow solid (91 mg, 0.17 mmol, 90%). 
1H NMR (400 MHz, CDCl3) į 1.11 (d, J = 6.7 Hz, 
3H), 2.47 (d, J = 15.3 Hz, 1H), 3.33-3.38 (m, 1H), 3.47 (s, 3H), 3.52 (dd, J = 15.5, 6.5 Hz, 
1H), 3.87 (s, 3H), 6.73 (d, J = 8.3 Hz, 1H), 6.98 (d, J = 8.6 Hz, 2H), 7.23 (d, J = 8.3 Hz, 
1H), 7.42 (d, J = 8.6 Hz, 2H); 
13C NMR (100 MHz, CDCl3) į 20.9 (CH3), 38.1 (CH2), 38.7 
(CH), 54.3 (CH3), 55.3 (CH3), 113.7 (CH), 120.6 (C), 128.8 (CH), 129.6 (CH), 130.9 (CH), 
133.7 (C), 138.2 (C), 144.1 (C), 144.2 (C), 156.2 (C), 158.2 (C); HRMS (EI): m/z calcd for 
C36H36O4: 532.2614, found 532.2607. 
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Chapter 3 
Toward Oscillating Biaryl-Allyl 
Ester and Derivatives Driven by 
Catalysis (Molecular Oscillator) 
 
The synthesis and characterization of the molecular oscillators were developed. 
The goal was to design a new molecular system in which translational motion is 
coupled to rotary motion via a catalytic event.  For this purpose Pd-catalyzed allylic 
rearrangement via allylic substitution involving an acetate group was used.   
Furthermore, molecular systems, whereby a catalytic event is coupled to a 
mechanical paddle-like motion was also described 
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3.1   Introduction 
The creation of small “engines” that can convert chemical energy into motion is one of 
the contemporary challenges of nanotechnology.
1 Nanoscale motors are ubiquitous in 
biological systems that perform complex machine-like tasks, such as the synthesis and 
hydrolysis of ATP and GTP.
2 ATP synthase (ATPase) is responsible for the synthesis of 
ATP and is powered by a proton gradient across the membrane of cells created by nearby 
proton pumps.
3 Remarkably, this motor complex can also rotate in reverse direction, using 
the energy of ATP hydrolysis instead. Such motors do not require input of power from 
macroscopic external circuits or other devices, and are therefore of much current interest in 
the design of micromechanical systems.
4 Apart from biological and hybrid systems that 
contain enzymatic components, the principle of catalytic conversion of chemical to 
mechanical energy has been demonstrated with nano-scale, truly artificial, objects.
5 
Recently, chemists have demonstrated that catalytically-driven motion at the nano-scale is 
possible also outside biological systems.
6 Among the new synthetic systems several consist 
of suspensions of nano-rods, composed of two or more metallic segments, or particles with 
catalytic functions, using aqueous hydrogen peroxide as a fuel.
4,7 One of the metals 
(platinum (Pt) or nickel (Ni)) catalyzes the decomposition of the hydrogen peroxide 
producing oxygen, which provides the force to propel the nano-rods through an aqueous 
solution.
6b  
In 2002, Whitesides and co-workers have shown an example of propelling millimeter-
scale objects on a water surface based on catalytic decomposition of hydrogen peroxide.
8 
They designed the system in which the components move autonomously by ejecting small 
bubbles of oxygen gas (O2), formed by catalytic decomposition of a H2O2 solution. Metallic 
platinum (Pt) has been used and it proven to be an excellent catalyst for the decomposition 
of hydrogen peroxide into water and oxygen. The self-propelling plates were prepared from 
polydimethylsiloxane (PDMS)
9 and the design is shown in Figure 1.  
 
Figure 1. a) Schematic representation of a self-propelling object. A thin plate (2 mm thick 
and 9 mm in diameter) was fabricated from PDMS in a desired shape. A 2×2 mm
2 piece of 
porous glass filter (covered with Pt) was mounted on the PDMS piece with a stainless steel Toward Oscillating Biaryl-Allyl Ester and Derivatives Driven by Catalysis  
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pin. b) A diagram showing self-assembly by capillary interactions (see text for explanation) 
(Figure reproduced from ref. 8). 
The plates were placed at the liquid/air interface of a 1-3% of aqueous hydrogen 
peroxide (H2O2) solution at rt. The sudden development of O2 caused motion of the plates 
with velocities up to 1-2 cm s
-1 (Figure 2) for several hours. It is speculated that the energy 
required for the motion comes from the recoil of the liquid as the bubble burst. Moreover, 
the shapes of plates used are chiral as the catalyst attached to the disk brakes both the left-
right and top-bottom symmetries. A single plate rotates in the direction determined by its 
chirality.  
 
Figure 2. Overlaid images that show catalytic self-propulsion of a single plate; white dots 
were added onto the photographs to indicate the catalyst-bearing tips of the plates (Figure 
reproduced from ref.8). 
It was also found that when two plates approach each other at a distance closer than the 
capillary length, the menisci
10 overlap and interact, and the objects are attracted to each 
other (dimer formation). For instance, when ten plates (five of each) float together, the 
plates are able to self-assemble in two different types of group behavior (homochiral dimer 
and heterochiral dimer) (Figure 3). 
 
Figure 3. Pictures showing self-assembly of 10 plates (5 of each chirality). a) Initially, 
isolated plates were randomly distributed. b) In approximately 20 min, 4 pairs assembled 
into dimers; homochiral dimers are shown in the square and heterochiral dimers are in the 
circle (Figure reproduced from ref. 8). 
Another example of a system, named "catalytic nanomotor", was described in 2004 by 
Sen, Mallouk and Crespi.
4 The nanomotors are rod-shaped particles, 370 nm in diameter, 
consisting of platinum (Pt) and gold (Au) segments, each 1 μm long. The platinum 
catalyzes the decomposition of hydrogen peroxide resulting in the formation of oxygen and 
water. The rods move at speeds of up to 10 times of their length per second. It was also 
found that the movement occurred in the opposite direction compared to the direction of  
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movement observed in the previous work of Whitesides;
8 particularly toward the platinum 
end of the rod. Sen and co-workers
4 found that the bubbles do not nucleate selectively at the 
end of the rods (Pt side) in the reaction, and the motion of the objects does not seem to be 
related to the release of the bubbles from either end. These observations suggested that a 
different mechanism is operating in this case of the rod-shaped particles and the motion of 
rods is assumed to be non-Brownian as the rods move in the direction of their long axis 
(Figure 4a and b). Furthermore, the dimensions of the rods and their average speeds (8 Pm 
s
-1), in the aqueous hydrogen peroxide (3.3 %) solution, are similar to those of 
multiflagellar bacteria.
11 In addition, Mallouk and Sen showed in a series of experiments 
two years later that one can predict the direction of motion of all possible bimetallic 
combinations according to the bipolar electrochemical (self-electrophoretic) propulsion 
mechanism (Figure 4c).
12 In the electrokinetic mechanism, H
+ moves from the anode end to 
the cathode end of the rod, resulting in motion of nanorod in the opposite direction.  
A) B) C)
direction
[O]
[R]
 
Figure 4. a) Initial three 2 Pm long Pt/Au rods observed in water, b) Trajectory plots of 
three rods in 2.5% aqueous hydrogen peroxide (Figure reproduced from ref. 4). c) Bipolar 
electrochemical decomposition of H2O2 at a Pt/Au nanorod (Figure reproduced from ref. 
12b). 
In 2005, Manners and Ozin reported nano-rods, which were composed of 500 nm long 
nickel (Ni) and 2 Pm-long gold (Au).
13 The gold ends are tethered to the surface of a silicon 
wafer. The nickel catalyzes the hydrogen peroxide decomposition and generates oxygen, 
which causes the nano-rods to rotate like propellers. The synthesis of barcoded bimetal 
nano-rods was carried out using the technique developed by Natan et.al.
14 Upon addition of 
hydrogen peroxide to the nano-rods suspension, evolution of oxygen gas is observed arising 
from the Ni part of the rods. Both clockwise and counterclockwise rotations have been 
observed because the gold-end of nano-rod interacted and became anchored to the surface 
of the silicon wafer while having the nickel spinning freely in the solution. A rational for a 
particular direction of this rotation is most probably due to the flow direction of the solvent 
or the unsymmetrical shape of silicon substrate on the nano-rods surface (Figure 5). An 
explanation for this dynamic behavior might be the slight asymmetric structures of nano-Toward Oscillating Biaryl-Allyl Ester and Derivatives Driven by Catalysis  
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rods generate more oxygen and a force on one side than the other. The nano-rod rotation 
comes to a pause when hydrogen peroxide is depleted, however, the motion can be restored 
again by replenishing the hydrogen peroxide fuel. 
 
Figure 5. Optical microscope snapshots of one of the nano-rods rotating in solution (details 
of time-scale were not given) (Figure reproduced from ref. 13). 
In these multi-metallic systems, a combination of a metal capable of catalyzing the 
decomposition of hydrogen peroxide and other metals is used. The other segments can be 
made of any material which is not reactive as it allows for the generation of an oxygen 
gradient and a surface tension providing the stimulus to move the metal-rods with limited 
directional control. While the above system displayed autonomous movement, the direction 
of movement was random. Directed motion is a crucial property needed for catalytic 
nanomotors to be useful in a number of potential applications. Achieving directional 
control in these systems is difficult but possible. Mallouk and Sen have demonstrated 
remote-controlled autonomous movement of striped metallic nano-rods.
15 It was shown that 
the directionality can be magnetically controlled by using platinum-nickel-gold rods, in 
which platinum act as a catalyst for the decomposition of hydrogen peroxide (generate 
movement) whereas the anisotropy of a magnetic nickel layers allows for controlling the 
direction of movement (Figure 6). 
 
Figure 6. A striped Pt/Ni/Au/Ni/Au nano-rod and the trajectory path of a nano-rod spelling 
the letters ‘PSU’ in 5 wt% aq. H2O2 (Figure reproduced from ref. 
16).  
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The nature of the motion demonstrated in these examples was found to be critically 
dependent on both the particle dimensions and the ability to localize the production of O2. 
The use of a synthetic oxygen evolving system can be envisioned as an alternative future 
micro- and nanoscale molecular machines without metallic rods/segments. Advantages of 
these systems are that they can be easier (chemically) modified through molecular design, 
and local catalyst density should be better controllable. However, due to the requirement of 
immobilization of molecular catalysts on particles to make multi-component objects with 
retention of catalyst function, the design of a successful synthetic molecular system capable 
of chemically driven motion still remains challenging. Furthermore, the integrity of the 
multi complex system created must not be compromised during the conversion of chemical 
to kinetic energy (mechanical movement). 
Extension of this approach to molecular systems capable of chemically fuelled 
autonomous movement has been demonstrated, in our group, through the use of a synthetic 
catalyst that can effect hydrogen peroxide decomposition when attached to microparticles.
17 
The design of the molecular propulsion system comprised three key parts: an object (micro- 
or nanoparticle) to be transported, a spacer, and a catalyst for converting chemical energy to 
kinetic energy. The new highly efficient catalase mimic,
17 [(Mn(II)(L
-))2(p-CHO-Ph-CO2
-
)]
+ ( 1) developed within our group, is well suited to such a function. Its high rate of 
disproportionation of H2O2 to H2O and O2 and the ability to attach the catalyst covalently, 
through either the ligand (L
-) or more promisingly the bridging carboxylate group, allows 
for facile fixation to the surface of nano and micro-scale objects through chemical 
modification (Scheme 1). Toward Oscillating Biaryl-Allyl Ester and Derivatives Driven by Catalysis  
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II. spacer
I. object (microparticle)
1
III. catalyst
Ligand =
 
Scheme 1. Covalent immobilization of the catalyst by using the p-formyl-functionalized 
dinuclear Mn-catalyst complex 1 attached to aminopropyl-modified silica microparticles 
(40–80 Pm) through imine formation (Scheme reproduced from ref. 17). 
To study the movements of microparticles induced by decomposition of hydrogen 
peroxide, a thin liquid film containing a dilute suspension (in CH3CN or glycerol) of the 
functionalized microparticles with catalyst 1 and non-functionalized microparticles as 
reference, were placed on a microscope glass slide, and monitored after addition of 5% 
H2O2 in CH3CN. Both linear and rotary motion of the modified particles was found (Figure 
7). The measured average speed for this particle is 35 Pm s
-1 and the direction of the 
movement is in accordance with that of the system by Whitesides
8 with the oxygen 
bubbling at the trailing end of the particles.   
 
Figure 7. Pathway of an 80 Pm SiO2 particle functionalized with catalyst 1 and its position 
at a) 0 s, b) 4 s, c) 14 s and d) 18 s in aqueous solution of 5% H2O2 in CH3CN (Figure 
reproduced from ref. 17). 
Moreover, it was envisaged that the observation of the autonomously powered 
movement of nanoparticles could also be demonstrated through the use of fluorescence 
microscopy (FM). For this purpose, the molecular system was redesigned exploiting the  
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concept of bifunctionalized objects 2.
18 On the one hand, it contains a Mn-complex 
catalysing H2O2 disproportionation and thereby inducing movement and, on the other hand, 
a luminophore group (Ru-complex) is present, which allows the observation of the 
movement with FM techniques (Scheme 2). 
 
Scheme 2. Functionalization of an amide propyl modified silica microparticle 2 through an 
amide linkage with a luminescent ruthenium complex and a manganese catalyst (Scheme 
reproduced from ref. 18). 
A small amount of the functionalized-silica particles 2 was mixed with non-
functionalized microparticles (40-60 Pm) as a reference material. The mixture was added to 
a 5% aqueous hydrogen peroxide solution in acetonitrile. Oxygen evolution was observed 
on the surface of the catalyst-functionalized microparticles 2. Using the luminophore’s 
fluorescence, rotational movement of the silica microparticles was recorded with the CCD 
camera (Figure 8) and the rotational movement of the functionalized particle found to be 
0.24 rad s
-1, which is about twenty times the speed that was observed previously.
17 Toward Oscillating Biaryl-Allyl Ester and Derivatives Driven by Catalysis  
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Figure 8. Rotational movement of a bifunctionalized silica microparticle 2 at a) 0 s, b) 1.25 
s, c) 2.5 s, d) 5 s, e) 7.5 s, f) 12.5 s (the image size is 50×50 Pm) (Figure reproduced from 
ref. 18). 
Recently, Sen and co-workers
19 demonstrate how catalytic olefin polymerization can 
be used to propel an object (a microparticle). Two-faced gold-silica particles were 
covalently attached to Grubbs metathesis catalyst which the movement of particles is 
powered using norbornene (monomer) as a chemical fuel (Figure 9). 
 
Figure 9. A functionalized particle which consumes norbornene monomer as fuel on one 
side of silica creates an area of low monomer concentration. The polymerization reaction 
causes the functionalized microparticle to move away from the area of high monomer 
concentration due to an osmotic force (Figure reproduced from ref. 19).   
Tracking the movement of microparticle in solution during polymerization displayed 
an increase in the diffusion rate of particles up to 70%. This increase in diffusion rate can 
be explained by the osmotic force (osmophoresis) which is created along the particle due to 
the consumption of norbornene monomer during the polymerization process on one side 
hemisphere of the functionalized catalytic SiO2 particles. Fluid flows from the side of low 
monomer concentration to the side of high monomer concentration, and as an outcome the 
particle moves in the opposite direction (Figure 9).  
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Although ruthenium or manganese catalysts were used to effect motion in the molecular 
systems including also in glucose-fuelled nanotube system,
20 one can envision that 
powering motion can be achieved by other chemical reactions. 
3.2   Results and Discussions 
3.2.1   Molecular design 
Consequently, the goal of this chapter will focus on the development of a new 
molecular system in which a catalytic event is coupled to mechanical motions (sigmatropic 
rearrangement of the allyl-acetate moiety and M and P interconversion of the biaryl unit) as 
shown in Scheme 3. 
 
Scheme 3. The design of a paddle-like motion system of biaryl allyl ester driven by 
catalysis. 
Therefore, we first will focus on examining a new molecular motion system based on a 
different chemical reaction in particular the catalytic rearrangement of an allyl group. Few 
metals i.e. mercury (II) and palladium (II) salts have found broad applications as catalysts 
for sigmatropic rearrangements leading to the C-O, C-N, C-S, or C-C ı bond formation. 
Increases in reaction rate
21a is often very large
21b (10
10 to 10
14 at 1 M catalyst concentration) 
and allow many difficult transformations to be conducted at rt in an hour using Pd 
catalyst.
22,35 The choice of allylic system is based on well-established literature precedence 
of allylic rearrangements.
23 The allylic rearrangement can be initiated by a catalytic amount 
of both Pd (II)
21,24 and Pd (0).
25 While Pd (II) promotes the [3,3] sigmatropic shift (Eq.1 in 
Scheme 4), the reaction with Pd (0) catalyst was suggested to proceed via [1,3] sigmatropic 
shift involving the (K
3-allyl)Pd complex (Eq.2). Recombination of this complex with the 
leaving group can then occur in three different ways (Eq.2a, 2b and 2c), of which the latter 
(Eq.2c) affords the same product as that obtained via the [3,3] sigmatropic rearrangement.    Toward Oscillating Biaryl-Allyl Ester and Derivatives Driven by Catalysis  
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Scheme 4. Pd-catalyzed allylic rearrangement involving the C-Z to C-X conversion (X, Z = 
O, S or N atom, and Y = C atom). 
In one example of rearrangement of allylic esters by a palladium catalyst (Pd (II)) it 
has been shown that complete [3,3] sigmatropic shift is reached in 1.5 h
26 at rt.
21a,23 In 
contrast it was found that rearrangement of an allylic ester via a thermal process is very 
slow. For instance, starting with thio esters (C-O V bond) to thiol esters (C-S V bond) takes 
70 h at 100°C to complete rearrangement
27 and for instance from D,D-dimethyl allyl acetate 
(tertiary acetate (C1-O V bond)) to primary acetate (C3-O V bond) takes 215 h at 95°C.
28 
Although the anticipated process will still be rather slow, we intend to demonstrate a proof 
of concept of coupled motion. 
The concept for our system and the design of molecule 3 are presented in Scheme 5. 
The basic structure and principle are shown below: The allyl ester moiety is connected to a 
biaryl unit which introduces two chiral elements in the molecule; an allylic stereocentre and 
a biaryl atropisomeric unit. Based on the calculation (described later), the acetate moiety of 
structure 3 would preferably be in the favored pseudo-equatorial conformation (OAceq). We 
envisaged that the allylic rearrangement of the acetate group by the catalyst converts the 
stable (1S)-(P)-3 to the less-stable (3R)-(P)-3 isomer which simultaneous change in 
conformation so that the acetate group is positioned in a pseudo-axial orientation (OAcax). 
As a consequence it would influence the molecular conformation of the biaryl moiety 
(atropisomerism) as it would induce a molecular twist of biaryl part from (3R)-(P)-3 to 
(3R)-(M)-3 (inversion of the biaryl handedness from P to M) resulting in a conformation 
with the acetate moiety back in the pseudo-equatorial position (stable form). Analogous, 
step 3 and 4 show the same principle of acetate rearrangement and biaryl rotation. If this 
concept of coupling [1,3]-shift of acetate and biaryl-rotation works, the continuous process 
of these two different changes of molecular conformation would possibly induce a paddle-
like motion of compound 3. The subtle interplay between stereoselective allyl metal 
complex formation, the exchange of ester substituents and the atropisomerism will be 
studied, i.e. the ability to induce coupled motion, in a model system.      
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Scheme 5. a) Structure of a biaryl-allyl ester 3 including atom labeling. b) Anticipated 
molecular oscillation of the biaryl-allyl ester 3 induced by catalysis. 
Atropisomerism refers to stereoisomerism resulting from hindered rotation about single 
bonds, where the steric strain barrier to rotate is high enough to allow for the isolation of 
the conformers (from Greek, a = not and tropos = turn).
29 Biaryl moieties are known to 
undergo such processes, whereby rapid interconversion between the M and P conformers 
takes place ('
‡G
0 = 18.5 kcal·mol
-1, t1/2 = 4 s at rt).
30 Molecule 3, where the biaryl unit is 
involved with a fused seven-membered ring moiety, has no substituents at the 8- and 11-
position of  the biaryl unit (hindered positions) to obstruct the interconversion process.   
Therefore, molecule 3 was found to undergo rapid atropisomerism
31 forming the M and P 
conformers ('
‡G
0 ~ 14-18 kcal·mol
-1 depending actually on carbon or hetero atom in the 
seven-membered ring bridge).
32 We speculate that the rate of atropisomerization of the 
biaryl moiety might be fast enough based on these data,
32 but the sigmatropic 
rearrangement of the allylic system is still slow.
28 Therefore, molecule 3 might not be able 
to see the mechanical motion, like the previous systems using decomposition of H2O2 or 
Ru-polymerization, however, we first want to prove the principle of coupled motion with 
the new catalytic system. Subsequently, we will improve the rate of acceleration (speed) of 
paddle-like motion, if this system works. 
These combinations between allylic rearrangement and biaryl M or P interconversion 
properties might be manipulated to useful effect in a future mechanical motion system. In 
this chapter the metal catalyzed allylic rearrangement on the molecular biaryl-allyl esters 
will be studied. The obtained knowledge will be applied to biaryl molecules with bulky-
substituents (i.e. phenyl groups) at 8- and 11-position. 
3.2.2   The synthesis of biaryl-allyl ester 3 
The synthesis of the molecule 3 (Scheme 6), started from phenanthrene 4. Upon 
addition of dimethyl sulfoxide in the presence of sodium hydride,
33 9-methyl phenanthrene Toward Oscillating Biaryl-Allyl Ester and Derivatives Driven by Catalysis  
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5  was obtained. Next compound 6 was prepared in moderate yield using standard 
ozonolysis conditions.
34  
 
Scheme 6. Synthetic pathway of compound 3. 
Treatment of 6 with potassium carbonate at 100°C gave D,E-unsaturated ketone 7 in 
82% yield. The reduction reaction of compound 7 with lithium aluminum hydride (LAH) 
gave allylic alcohol 8, followed by the acetylation reaction to provide the final product 3 in 
good yield. Compound 3 was characterized by 
1H, 
13C NMR spectroscopy and HRMS.
  
3.2.3   The palladium-complex of compound 3 
To understand this Pd-catalyzed allylic substitution in more details,
35 the 
corresponding Pd-complex from compound 3 has been synthesized using a Pd (II) salt 
which has been used to form a complex with a similar compound (3-acetoxy-1,3-diphenyl-
1-propene).
36  PdCl2 and LiCl were stirred in water, and ethanol and compound 3 in THF 
was added. This was followed by addition of concentrated HCl and next carbon monoxide 
was slowly bubbled into the brown solution. The mixture was stirred under a CO 
atmosphere for 9 h at rt. After purification by crystallization, the yellow-orange suspension 
obtained was filtered and dried to provide complex 9 in moderate yield (Scheme 7). The 
palladium-allyl complex 9 was characterized by 
1H, 
13C NMR spectroscopy, MALDI-TOF 
mass spectroscopy and by elemental analysis (See experimental section). Single crystals of 
the complex were obtained by slow evaporation of a solution of 9 in 1,4-dioxane and 2-
propanol.  
 
Scheme 7. The synthesis of the palladium complex with biary-allyl ester 3.  
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Figure 10. Pluto drawing of the molecular structure of palladium complex 9; a) Top view. 
b-c) Side view. 
The X-ray analysis confirmed the structure of the complex as shown in Figure 10. 
Compound 9 was found to be monoclinic with space group P21 and it is a dinuclear Pd-
complex. The unit cell consists of biaryl-allyl palladium chloride bridged dimers and the 
biaryl-allyl moieties are located in anti-orientation to the Pd-centers. The X-ray structure of 
complex 9 emphasizes that allyl and Pd moieties are symmetric and it is remarkable that 
both biphenyl groups of the unit cell are planar as shown in Figure 10c although no X-ray 
structure of allyl Pd-complex derived from the 3-acetoxy-1,3-diphenyl-1-propene
36 is 
available for comparison. The two Pd atoms are joined by chloride bridges in a planar 
arrangement and the allyl groups are bonded to the Pd atoms with their planes (C1-C2-C3) 
at angle of 132.8° to the plane of the Pd and Cl atoms (Cl-Pd-Cl) which is slightly larger 
than 111.5° in case of allyl palladium chloride complex of (C3H5PdCl)2.
37 The general 
configuration and the Pd-C, Pd-Cl and C-C bond distances indicate that the structure of the 
complex is regarded as similar in several aspects to the X-ray structure of (C3H5PdCl)2 
reported in the literature.
37 These results proved that the allyl moiety of compound 3 is able 
to react, chelate with palladium species and give a well designed X-ray structure of 9.
 
3.2.4   The palladium-catalyzed allylic substitution properties of compound 3 
In order to demonstrate the reactivity of our substrate of the type R
1=R
2 in an allylic 
substitution reaction, we have studied the reaction of compound 3 with a simple 
nucleophilic reagent using Pd(0) as a catalyst (Scheme 8) using a literature procedure.
38  
 
Scheme 8. Allylic substitution via ʌ–allyl complexs. Toward Oscillating Biaryl-Allyl Ester and Derivatives Driven by Catalysis  
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The results of the reactions with monosubstituted allyl derivative 3 with nucleophiles 
are summarized in the Table 1. Treatment of compound rac-3 in the presence of Pd(0) i.e. 
Pd(PPh3)4 or Pd2(dba)3 with sodium dimethyl malonate in THF at room temperature for 5 h 
afforded product 10 in moderate yield (Table 1, entry 1-5) while the remaining starting 
material 3 was recovered. The reaction with chiral ligands; (+)-DIOP or (+)-BINAP (Table 
1, entry 4 and 5) resulted in a slight decrease of the chemical yield and an asymmetric 
induction providing 33% and 29% ee, respectively. E.e. was determined by chiral HPLC 
analysis (Chiralcel OD column, heptanes: i-PrOH; 95: 5) with a retention times for the first 
enantiomer at 9.04 and second enantiomer at 12.11 min. Moreover, we have also examined 
the reactions of palladium-allyl complex 9 as shown in entry 6-7 (Table 1).  
Table 1. Pd-catalyzed allylic substitution of biaryl-allyl ester 3. 
Entry Substrate Catalyst L Nu Product %yield (%ee)
1 3 Pd(PPh3)4 -C H ( C O 2Me)2 10 54 
2 3 Pd2(dba)3 -C H ( C O 2Me)2 10 41
3 3 Pd2(dba)3 PPh3 CH(CO2Me)2 10 52
4 3 Pd2(dba)3 (+)-DIOP CH(CO2Me)2 10 46 (33)
5 3 Pd2(dba)3 (+)-BINAP CH(CO2Me)2 10 43 (29)
6 9a - - OAc 3 92
7 9a - -C H ( C O 2Me)2 10 75
a 3 eq. of nucleophile was used in the case of palladium-allyl complex 9.  
The reaction of compound 9 with 3 equivalent of sodium acetate provided the substrate 
compound 3 in high yield (entry 6) while the reaction with sodium dimethyl malonate (3 
eq.) gave a better yield of compound 10 than starting with compound 3 (entry 7). The 
explanation for this could be higher reactivity of compound 9 since the Pd-complex is 
already preformed for the reaction with the nucleophile. 
From these results, it was shown that the nucleophilic substitution reaction can proceed 
(albeit slow) either from compound 3 using Pd (0) as a catalyst or from isolated Pd-
complex 9. Therefore, towards our main goal, we can use this Pd (0) catalysis i.e. Pd(PPh3)4 
or Pd2(dba)3 for [1,3]-sigmatropic rearrangement in order to change the conformation of the 
biaryl-allyl acetate 3. 
3.2.5   The palladium-catalyzed rearrangements involving the C
1-O ĺ C
3-O 
conversion 
As described above, the main goal was to use the Pd-catalyst to change the 
conformation of the biaryl system through allylic rearrangement. To do that, the effect of 
different palladium catalysts on the allylic rearrangement of compound 3 was subsequently  
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studied. However, the isomerization and interconversion of compound 3a to 3b cannot be 
readily detected, since both isomers are enantiomers (Scheme 9a) unlike compound 12. 
 
Scheme 9. The Pd-catalyzed allylic rearrangement of biaryl allyl ester. a) Compounds 3a 
and 3b are identical (3a/3b are enantiomers) after allylic rearrangement reaction in contrast 
with deuterated-allyl acetate 12. b) The equilibrium due to Pd-catalyzed rearrangement 
between compound 12 and 13 (12/13 are diastereomers). 
Therefore, initial palladium-catalyzed rearrangement studies were performed with the 
deuterated-analog  12. This compound was prepared by the reduction of enone 7 with 
lithium aluminum deuteride. Subsequent acetylation with acetic anhydride in the presence 
of 4-DMAP and Et3N afforded the desired mono-D-allyl acetate 12 in good yield (Scheme 
10). Compound 12 was characterized by 
1H, 
13C NMR spectroscopy and HRMS. The 
difference of compound 3 and 12 is the lack of one proton in 
1H NMR spectra next to 
acetate group at 5.83 ppm (Scheme 10, Figure 11a) but two protons a (H
a) and b (H
b) at 
6.15 and 6.60 ppm, respectively, are still at the same position. 
 
Scheme 10. Synthesis of compound 12.  
Compound  12 upon rearrangement of the allylic moiety will form an (Ș
3-allyl) 
palladium complex as intermediate. This reaction normally gives the product of formal 
[1,3]- or [3,3]-shifts (Scheme 4), depending on the structure of substrate and other factors.
39 
Based on this design,
23,25 we have indeed found that palladium catalysis causes an 
equilibration of the deuterated-biaryl allyl acetates (between 12 and 13) under mild and 
neutral conditions as represented in Scheme 9b. 
As was mentioned before either Pd (0) or Pd (II) complex can be used as precursors. 
To understand this reaction in more details and to find the optimum conditions, we have 
screened several Pd (0) and Pd (II) sources as catalysts for this rearrangement reaction. A 
racemic mixture of isomer 12 (5.5×10
-2 M) in THF 5 mL was stirred with a variety of 
palladium catalysts for periods of 10 min to 6 h at room temperature, yielding mixtures of 
compound 12 and 13 (Table 2). The rearrangement reaction was followed by 
1H NMR 
spectroscopy (vide infra). Toward Oscillating Biaryl-Allyl Ester and Derivatives Driven by Catalysis  
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Table 2. Palladium-catalyzed rearrangement of compound 12. 
Entry Catalyst Time 13 (%)a
1 0.2 eq. Pd(OAc)2 2 h 35
2 0.2 eq. Pd(OAc)2 4 h 45
3 0.2 eq. Pd(OAc)2 1 hb 32
4 0.2 eq. PdCl2(CH3CN)2 3 h n.d.c
5 0.05 eq. PdCl2(CH3CN)2 3 h n.d.c
6 0.2 eq. Pd2(dba)3 3 h 28
7 0.2 eq. Pd2(dba)3 6 h 44
8 0.2 eq. Pd(PPh3)4 3 h 46
9 0.2 eq. Pd(PPh3)4 30 mind 44
10 0.2 eq. Pd(PPh3)4 1 he 47
11 0.05 eq. Pd(PPh3)4 1 h 10
12 0.05 eq. Pd(PPh3)4 3 h 15
13 0.05 eq. Pd(PPh3)4 10 minf 47
a) Determined by 1H NMR (CDCl3, 400 MHz). b) Adding 1 eq. of PPh3. c) Side reaction=         and 
d) Adding 2 eq. of NaOAc. e) Carried out at 50°C.
f) Adding 2 eq. of NaOAc and 0.05 eq. of NaBAr’F=.  
 
As it can be seen from the data in Table 2 (entry 1-5), Pd(OAc)2 allowed to achieve 
equilibrium within 4 h (entry 2), however, the reaction catalyzed by Pd(PPh3)4 is slightly 
faster. When PdCl2(CH3CN)2 was used as catalyst (entry 4-5) for this rearrangement, 
starting material 12 was partially recovered. The elimination of the acetate group and 
chloride substitution were observed in this case even when only 0.05 equiv (entry 5) of 
palladium source was used. Pd2(dba)3 and Pd(PPh3)4 were also used as Pd (0) catalysts 
(entry 6-13). Albeit the allyl ester 12 can be rearranged in these cases within 6 h (entry 7) 
when treated with 0.2 equiv of Pd2(dba)3, more suitable conditions found for the 
rearrangement involve the treatment with Pd(PPh3)4. The optimal condition for accelerating 
the isomerization, based on a bulky counter ion,
40 was found to be combination of 0.05 
equiv of Pd(PPh3)4 and sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]boron
41 at rt (entry 
13). The reaction was effectively at equilibrium in 10 min at rt. 
As mentioned above, the rearrangement reaction was followed by 
1H NMR 
spectroscopy and the 
1H NMR spectra of a mixture of compound 12 and 13 were compared 
with that of substrate 12. A distinctive feature in the 
1H NMR spectrum of compound 12 are 
the absorption of two protons of the double bond at 6.15 ppm (br, H
a) and 6.60 ppm (d, H
b) 
as shown in Figure 11a. Upon rearrangement with 20 mol% Pd, the doublet absorption (H
b) 
of 12 at 6.60 ppm is decreasing and the new signal of proton b of compound 13 at 5.83 ppm 
is increasing while the absorptions of proton a of compounds 12 and 13 appear together at 
6.15 ppm (Figure 11b). The ratio of 12 to 13 isomers after 3 h determined by 
1H NMR 
spectroscopy was 55:45 (Figure 11c). After letting the reaction to proceed another 2 h (5 h  
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in total), the ratio of the 12/13 was not changed (54/46). It indicates that the Pd-catalyzed 
rearrangement reaction reaches equilibrium in 3 h. All aromatic protons signals were 
overlapping. Due to the absence of substituents at 8- and 11-position on biaryl moiety of 
compounds 12 and 13, the results of 
1H NMR studies did not allow differentiating between 
atropisomers. We can assume that during the continuous rearrangement process there is a 
fast exchange between M- and P-conformations of the molecule. To understand the 
atropisomerism in this system more studies and/or the other model are required (more 
details are given in the section on DFT calculations).   
 
Figure 11. 
1H NMR spectra (rt, 400 MHz, CDCl3)
42 of biaryl-allyl acetate with 20 mol% 
Pd(PPh3)4; a) biaryl-allyl acetate 12, b) after 90 min (ratio of 12/13; 75:25) and c) after 3 h 
(ratio of 12/13; 55:45). 
Furthermore, the catalytic isomerization of this compound 12 occurred under mild 
condition except for entry 10 (Table 2), when the reaction was carried out at 50°C. The 
reaction reached equilibrium faster than at room temperature (entry 9). In this case we were 
not sure whether the isomerization reaction takes place by thermal [3,3]-sigmatropic 
shift
39,43 and/or catalyzed sigmatropic shift.
44  For that reason, few experiments have been 
performed to direct the equilibrium without any catalyst of allyl acetate 12 via the thermal 
[3,3]-sigmatropic rearrangement. Compound 12 dissolved in different solvents; THF, 
heptane, toluene, and p-xylene, was heated at 60, 90, 100, and 130°C, respectively. In none 
of these cases any reactions proceeded toward the formation of compound 13. We can 
conclude on the basis of these experiments that the rearrangement observed in entry 10 
does not occur via thermal isomerization.  Toward Oscillating Biaryl-Allyl Ester and Derivatives Driven by Catalysis  
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As an outcome of these studies, we assumed that Pd-catalysis can be a method of 
choice for allyl-acetate interconversion and especially the use of Pd(PPh3)4 in allylic 
rearrangement will be a good starting point for a system which couples a catalytic chemical 
reaction to a change of molecular conformation in near future. 
3.2.6   The synthesis of 7,12-diphenyl-biaryl-allyl ester 14 
In the former case, the potential of Pd-catalyzed rearrangement was demonstrated by 
the biaryl allyl compound 12 without any further substituents at the biaryl moiety. This 
section will extend the study of the biaryl allyl compound to a molecule with groups 
introduced for further functionalization and with a steric-bulky group i.e. phenyl moiety 
that might makes a large paddle-like motion compound 14 (Figure 12). 
 
Figure 12. Anticipated Pd-catalyzed allylic rearrangement of compound 14 to compound 
15 with two phenyl moieties as paddles.  
The limitation of compound 12 without any functional group on the biaryl moiety led 
us to modify our target molecule and to synthesize a biaryl allyl ester bearing functional 
groups. As was indicated above we were not able to see the difference between 2 
atropisomers (12 and 13) by using NMR techniques (all protons overlapped in this case) 
unless we made a deuterium-analog. We expected that if the compound 14 has bulky-
substituents at the 7- and 12-position of biaryl moiety, it may not change the rate of 
atropisomerization because it still lacks significant steric hindrance. However, one has to 
keep in mind that these bulky substituents at meta-position may not have strong influence 
but at least it will not prevent the atropisomerization process like one would expect in case 
of the substituents at the ortho-position (more steric hindrance). These two additional 
phenyl groups might play an important role with respect to atropisomerization either by 
electronic effect from phenyl group (electron delocalization) or steric effect (compression 
of two protons at the ortho-positions). Moreover, the two diastereoisomers 14 and 15 may 
show different proton absorptions in the aromatic regions. For this purpose, we have 
introduced the phenyl groups at the 7- and 12-position of biaryl-14 including with 
deteurium to demonstrate the reactivity of the Pd-catalyzed rearrangement in comparison 
with compound 12. The synthesis of compound 14 is outlined in Scheme 11. Treatment of 
compound  16
45 with dimethylzinc resulted in hydroxy-ketone 17,
46 which was further 
treated with lithium aluminum hydride affording diol 18. Compound 18 underwent a 
Criegee oxidation
47 with lead tetraacetate to provide the keto-aldehyde 19. The 
condensation reaction of 19 with potassium carbonate at 100°C gave D,E-unsaturated 
ketone 20 in 78% yield. The Suzuki cross-coupling reaction
48 of compound 20 with (2 eq.) 
phenyl boronic acid gave the substituted-product 21. Subsequent reduction reaction of  
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enone 21 with lithium aluminum deuteride gave allylic alcohol 22. Finally an acetylation 
reaction provided the desired allylic acetate 14 in good yield. All compounds were 
characterized by 
1H, 
13C NMR spectroscopy and HRMS.          
O
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Scheme 11. Synthesis of diphenyl-substituted biaryl allyl compound 14. 
3.2.7   The Pd-catalyzed rearrangements involving the C
1-OĺC
3-O conversion 
of compound 14 
The allylic rearrangement reaction was followed by 
1H NMR spectroscopy and the 
spectra of compound 15 were compared with the starting substrate 14 (Figure 13a). The 
isomer 15 was obtained from the reaction of 14 (10
-2 M) with 20 mol% of Pd(PPh3)4 in 
THF at rt. As expected, the 
1H NMR spectra showed a new absorption at 5.89 ppm. The 
ratio of 14/ 15 isomers after 3 h determined by 
1H NMR spectroscopy was 78:22. The 
reaction was continued for a period of 10 h and 15 h, and a ratio of the 14/15 isomers was 
found to be 60:40 and 56:44 (Figure 13b), respectively.  Toward Oscillating Biaryl-Allyl Ester and Derivatives Driven by Catalysis  
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Figure 13. 
1H NMR spectra of the following reaction of biaryl-allyl acetate 14 with 
Pd(PPh3)4 at rt in CDCl3
42; a) initial compound 14 and b) after reaction for 15 h (the ratio of 
14/15; 56:44).  
This Pd-catalyzed rearrangement reaction of compound 14 was reproducible, however, 
the time needed for the reaction to reach equilibrium was in average 12-15 h (the 
equilibrium ratio of 14/15 is around 56/44). Moreover, the reaction of compound 14 with 
the additive (NaBAr’F)
40 (same condition in entry 13, Table 2) makes the reaction faster 
and equilibrium is reached in 3 h. So we established that we can slow down the Pd-
catalyzed rearrangement of acetate group from 10 min with two H-substituents 
(12 13) to 3 h with two phenyl-substituents at the 7,12-positions (14 15). 
Unfortunately once again with the disubstituted biaryl moiety, we could not see any 
difference between two atropisomers of protons in the aromatic region. 
3.2.8   DFT calculations 
DFT calculations were performed using the Gaussian C.03W programme package
49 to 
support the assignment of the relative stabilities of the conformers 3 and 23 (Figure 14) and 
their isomers. These calculations were used to: gain a better understanding of the geometry 
of these conformers; to determine the energy barrier for rotational dynamics of the biaryl 
moiety; and to examine the difference in equilibration time of the rearrangement of allyl-
acetate of 12 and 14, in comparison to 3 and 23, respectively. It should be noted that in both 
case (structures 3 and 23) the calculations do not involve the metal (i.e. Pd-catalyzed 
rearrangement) but only pertain to the [1,3]-sigmatropic rearrangement of the acetate group 
(OAc).  
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Figure 14. Structure of molecules 3 and 23 used in DFT calculations.
50 
DFT calculations were employed to find the minimize energy structure of 1) stable, 2) 
less-stable, and 3) intermediate compounds. The results of calculation for compound 3 (for 
calculations a single enantiomer of (1S)-(P)-3 was used) are shown in Figure 15. For 
compound 3 in the lowest energy conformation, stable 3 adopts a conformation with the 
geometry of aryl-aryl single bond in P-configuration (P), with the acetate group at the 
stereogenic center at the 1-position in the S-configuration (1S) and with an equatorial 
orientation of acetate group (OAceq) (Figure 15, left structure; (1S)-(P)-3a-OAceq). After 
allylic rearrangement (bond cleavage and bond reforming) step of compound 3, an 
optimized conformation of less-stable 3 is calculated and identified as having the P-
configuration of the biaryl moiety, but with the acetate group adopting an axial orientation 
(OAcax) and in the R-configuration at 3-position
51 (3R) (right structure; (3R)-(P)-3b-OAcax 
in Figure 15). Isomer 3b has a calculated energy; 2.09 kJ mol
-1 higher relative to the energy 
of 3a. The optimize structure of 3(int) was calculated based on structure 3a (Figure 15, 
middle structure; int denote isomer of intermediate structure). 
(1S)-(P)-3a-OAceq
P
1S
(1S)-(P)-3(int)-OAcax
P
1S
(3R)-(P)-3b-OAcax
P
3R
 
Figure 15. From left to right: optimized structures for stable 3a (1S)-(P)-(OAceq), 3(int) 
(1S)-(P)-(OAcax), and less-stable 3b (3R)-(P)-(OAcax). Toward Oscillating Biaryl-Allyl Ester and Derivatives Driven by Catalysis  
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The intermediate structure 3(int) for an isomerization between 3a to 3b (Figure 15) 
was determined to involve the beginning of sigmatropic rearrangement process simply by 
orienting the acetate group from an equatorial to axial at the 1-position of stereogenic 
centre. Subsequently, this intermediate was continued with bond breaking and reforming 
through the transition state 3(TS1)
52 to provide the less-stable 3b. This intermediate was 
calculated to have an energy of 3.27 kJ mol
-1 above to the lowest-energy isomer 3a. The 
structure of 3(int) from the calculation was found to be similar to 3a for instance the 
conformation of aryl-aryl single bond has been fixed in P-configuration (P). The acetate 
group is still at the 1-position in S-configuration (1S) but adopts an axial orientation instead 
and the dihedral angle of biaryl moiety of 3(int) is smaller (11.62°) than the value (39.9°) 
found in structure 3a. 
Ground state
energy surface
(1S)-(P)-3a-OAceq
Energy
(1S)-(P)-3(int)-OAcax
1.18 kJ/mol
enantiomer
(3R)-(P)-3b-OAcax
(3R)-(M)-3a-OAceq
2.09 kJ/mol
3(TS2)
3(TS1)
 
Figure 16. Energy diagram of calculated DFT 6-31G energy profiles (kJ mol
-1) of 
conformations of 3. 
An energy profile diagram with the relative energies for the isomerization of (1S)-(P)-
3a-OAceq to (3R)-(M)-3a-OAceq based on the DFT 6-31G calculations is shown in Figure 
16 (the obtained values after zero point correction with 3a). It is assumed that the activation 
barrier for the step from less-stable (3R)-(P)-3b to stable (1S)-(P)-3a (through 3(TS1)) is 
higher than the one for the step from less-stable 3b to stable (3R)-(M)-3a through 3(TS2)
52 
because this process does not involve bond cleavage and reforming again but simple biaryl 
M and P interconversion. Therefore, we can speculate that less-stable (3R)-(P)-3b-OAcax 
will be easy thermally isomerized by biaryl rotation going from a P- to M-configuration 
(relieves strain from acetate group in axial position) providing compound (3R)-(M)-3a-
OAceq, which has the same energy level and corresponds to the enantiomer of compound 
(1S)-(P)-3a-OAceq as we anticipated in Scheme 5 (step 2). Continuing with rearrangement 
(step 3) and thermal isomerization (step 4) of compound (3R)-(M)-3 will afford molecule 
(1S)-(P)-3 (3a) once again (Scheme 5).      
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Analogous, calculations of molecular oscillator 23 and relative structures were carried 
out with the Gaussian C.03W programme package using the density function hybrid theory 
system (B3LYP). Geometry optimizations were also performed using 6-31G basis set. The 
results are shown in Figure 17. The first optimized lowest energy conformation is stable 
23a with the (1S)-configuration at the stereocenter (left structure). It has the biaryl moiety 
with a P-configuration while the acetate group at the stereogenic center has the equatorial 
orientation ((1S)-(P)-23a-OAceq) similarly to conformation of stable 3.  
(1S)-(P)-23a-OAceq (1S)-(P)-23(intermediate)-OAcax (3R)-(P)-23b-OAcax
P
1S
P 1S
P
3R
 
Figure 17. Conformations of molecular structure 23 optimized from DFT. From left to 
right; lowest energy conformation 23a-OAceq, local energy intermediate 23-OAcax ('
‡G
 = 
2.09 kJ mol
-1), and higher energy conformation less-stable 23b-OAcax ('G
0 = 4.31 kJ mol
-
1) (the obtained values after zero point correction with 23a).  
The calculation on the stability of the conformations of 23 indicate that the less-stable 
compound 23b (axial orientation of the stereogenic acetate moiety, (3R)-(P)-23b-OAcax) 
has a higher energy than the lowest energy conformation 23a by 4.31 kJ mol
-1  (right 
structure, Figure 17). In addition, the intermediate structure 23(int) has an energy 6.40 kJ 
mol
-1 relative to the lowest-energy isomer 23a (middle structure, Figure 17). 
Similarly, the less-stable (3R)-(P)-23b-OAcax can undergo thermal isomerization to 
stable compound (3R)-(M)-23a-OAceq which has the same energy level as (1S)-(P)-23a-
OAceq (as described in the case of compound 3). Consequently, after [1,3]-sigmatropic 
rearrangement and thermal isomerization, (3R)-(M)-23a  will undergo isomerization to 
starting material (1S)-(P)-23a. In addition, the pathway of this molecule from stable 23a to 
less-stable 23b has a higher Gibbs energy of activation in comparison with compound 3. 
This could be the reason for the lower reaction rate to reach the equilibrium than in case of Toward Oscillating Biaryl-Allyl Ester and Derivatives Driven by Catalysis  
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molecule  3 although we are not sure what exact mechanism is involved in the 
isomerization. From the calculations of 23 and the above experimental observations using 
molecule 14 (section 3.2.7), we can conclude that the substituents at the meta-positions 
have a slight influence on the rate of rearrangement process. This is most probably due to 
the delocalization of electron density from two aromatic phenyl groups at the 7- and 12-
position into the biaryl allyl system (electronic effect) which make the compound more 
stable. In addition, at the beginning we speculated that the two protons at the ortho-
positions of biaryl moiety might come closer (compression) because of a steric effect from 
the two phenyl groups at the meta-positions. However, the DFT calculations do not show 
any difference in the distance between these two protons of both compound 3(int) and 
23(int) (~1.77 A° with dihedral angle of biaryl moiety ~11.61°). Therefore it is possible 
that the allylic rearrangement of compound 14 has a lower reaction rate than that of 
compound 12 because of electronic effect resulting from the additional aromatic (phenyl) 
groups. 
However, based on these calculations it is not possible to explain confirm our 
experimental observations because the thermal versus the palladium-catalyzed 
rearrangement reactions will feature significantly differences in the isomerization 
mechanism.        
3.3   Conclusions 
In this chapter the synthesis and the characterization of a new chemically-catalyzed 
molecular oscillator system is described. Both rearrangements of biaryl-allyl ester 
compounds 12 and 14 reach equilibrium by Pd-catalyzed isomerization between the acetate 
group and allylic moiety. The Pd-catalyzed allylic isomerization was also demonstrated for 
the allylic substitution reaction of compound 3 with nucleophile (dimethyl malonate). 
Furthermore, this biaryl-allyl ester 3 is able to form a complex with palladium and the 
structure was proven by X-ray analysis to be a dinuclear biaryl-allyl-Pd complex. 
A deuterated-biaryl-allyl ester analogue allowed for the observation of molecular 
oscillator motion induced by a catalytic allylic rearrangement of an acetate group in a 
transformation catalyzed by palladium. In summary, we have described the Pd-catalyzed 
rearrangement system in which the ability to transfer the acetate group was established by 
1H NMR measurements. However, although this is the first system designed in which a 
catalytic reaction is coupling to a mechanical motion involving sigmatropic rearrangement 
and an atropisomerism process, there are still major challenges; i.e. (1) a faster catalyst in 
order to make higher reaction rate, and (2) a better system which can also couples a 
chemical reaction to a change of molecular conformation i.e. double bond isomerization 
using ruthenium as a catalyst.   
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3.5   Experimental Section 
For information regarding synthesis and characterization and general experimental details, 
see Chapter 2. HPLC analyses were performed on a Waters HPLC system equipped with a 
600E solvent delivery system and a 996 Photodiode Array Detector with a Chiralcel AD 
(Diacel) column. The DFT calculations of compound 3 and 23 are supported by the DFT 
B3LYP 6-31G(d,p) level of theory, with the Gaussian 03W software package.
49 
X-ray crystallographic data of compound 9; The crystals of the dinuclear Pd-complex 
showed a monoclinic unit cell with space group P21. The unit cell consists of the biaryl-
allyl dimers with palladium and the biaryl-allyl moieties are located over anti-orientation to 
Pd-centers. The preparation of the allyl Pd-complex is described below in the synthesis 
part. 
a) Crystal data and details of the structure determination 
Formula (C15H11ClPd)2 
Formula Weight, g mol
-1 
  666.26  
Space group, no.
53  P21/n,  14     
a, Å  14.241(2) 
b, Å  4.9966(8) 
c, Å  18.101(3) 
E, deg  112.8475(19) 
V, Å
3 1187.0(3) 
Ĭ range unit cell: min.-max., deg; 
reflections 
3.10  -  29.04 ; 3344 
Formula_Z 2 
SpaceGroup_Z 4 
Z’(=Formula_Z / SpaceGroup_Z) 0.5 
Ucalc, g.cm
-3  1.864 Toward Oscillating Biaryl-Allyl Ester and Derivatives Driven by Catalysis  
 
115 
 
 
F(000), electrons  656 
μ(Mo KD ), cm
-1  17.58 
Colour, habit  yellow, needle   
Approx. crystal dimension, mm  0.36 x 0.05 x 0.03 
b) Refinement 
Number of reflections   2610 
Number of refined parameters  154 
Final agreement factors:   
wR(F
2) = [¦ [w(Fo
2 - Fc
2)
2]  / ¦ [w(Fo
2)
2]]
1/2  0.0852 
Weighting scheme: a, b 0.0449,  0.0 
 w  = 1 / [V
2(Fo
2) + (aP)
2 + bP]   
 And  P = [max(Fo
2,0) + 2Fc
2] / 3   
R(F) = ¦ (||Fo| - |Fc||)  / ¦ |Fo |  0.0353 
 For  Fo > 4.0 V (Fo)   
GooF = S = [¦ [w(Fo
2 - Fc
2)
2]  /  (n-p)]
 1/2  1.020 
  n = number of reflections   
  p = number of parameters refined   
Residual electron density in final   
Difference Fourier map, e/Å
3 -0.52,  1.08(13) 
Max. (shift / ı) final cycle  <0.001 
Mean. (shift / ı) final cycle  <0.001 
Synthesis of biaryl-allyl esters and related compounds  
 
9-Methylphenanthrene  (5). A solution of phenanthrene (4) (10.00 g, 56.2 mmol) in 
DMSO (30 mL) was stirred at 50°C. After the material was dissolved, sodium hydride 
(6.74 g, 280.9 mmol) was slowly added over 10 min keeping the temperature below 50
oC. 
After stirring at 100
oC for 4 h, the solution was cooled with an ice bath and a mixture of 
water (50 mL) and conc.HCl (50 mL) were added and stirring at rt was continued for 15 
min. The mixture was diluted with ethyl acetate (200 mL). The organic layer was separated  
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and extracted several times with water (3×200 mL), brine (200 mL), dried (Na2SO4) and 
concentrated in vacuo to give the crude product. Purification by column chromatography 
(silica gel; pentane) as an eluent, Rf = 0.72) yielded 9-methylphenanthrene (5) (7.98 g, 41.6 
mmol, 74 %) as a white solid; mp 90.4-92.3qC.
 1H NMR (400 MHz, CDCl3) į 2.75 (s, 3H), 
7.58-7.61 (m, 3H), 7.65-7.69 (m, 2H), 7.80-7.84 (dd, J= 7.3, 1.8 Hz, 1H), 8.06-8.09 (dd, J= 
9.5, 2.6 Hz, 1H), 8.65-8.68 (d, J= 7.7 Hz, 1H), 8.74 (dd, J= 6.6, 3.0 Hz, 1H); 
13C NMR 
(100 MHz, CDCl3) į 20.0 (CH3), 122.4 (CH), 122.9 (CH), 124.7 (CH), 125.8 (CH), 126.2 
(CH), 126.5 (CH), 126.54 (CH), 126.56 (CH), 126.7 (CH), 127.8 (CH), 129.6 (C), 132.0 
(C), 132.1 (C), 132.5 (C); HRMS (EI): m/z calcd for C15H12: 192.0939, found 192.0932. 
CHO
O
 
2'-Acetylbiphenyl-2-carbaldehyde ( 6). The ozonolysis of 9-methylphenanthrene was 
carried out in a 250 mL three-neck flask equipped with a magnetic stirrer, a gas inlet tube, 
and a drying tube. 9-Methylphenanthrene (5.00 g, 26.0 mmol) was dissolved in dry 
dichloromethane (150 mL), and the solution was cooled with a liquid nitrogen-ethanol bath. 
Ozone was introduced to the stirred solution at -78°C for 2 h, maintaining the temperature 
at -78°C. The excess ozone was removed by passing oxygen (gas) through the solution for 
5 min at -78°C followed by stirring at -30°C for 40 min. Sodium iodide (9.68 g, 64.6 mmol) 
and glacial acetic acid (75 mL) were added simultaneously in portions during 30 min to the 
reaction mixture at -40°C, and the stirring was continued for an additional 30 min. After 
being warmed gradually to 0°C, the mixture was stored in a refrigerator (0°C) for 24 h. The 
reaction mixture was successively washed with aqueous Na2S203 (10 %, 300 mL), aq. 
NaHCO3 (300 mL), and water until the aqueous layer attained neutrality. The resultant 
organic solution was dried (Na2SO4) and concentrated in vacuo. The residue was purified 
by flash chromatography on silica gel (ethyl acetate: pentane = 1:4 as an eluent, Rf = 0.48) 
to afford the product 6 as a yellow oil (3.68 g, 16.4 mmol, 63%). 
1H NMR (400 MHz, 
CDCl3) į 2.24 (s, 3H), 7.24 (d, J= 7.7 Hz, 1H), 7.27 (dd, J= 5.1, 1.8 Hz, 1H), 7.50-7.56 (m, 
3H), 7.60 (t, J= 7.7 Hz, 1H), 7.77 (dd, J= 7.3, 1.5 Hz, 1H), 8.00 (dd, J= 7.7, 1.1 Hz, 1H), 
9.83 (s, 1H); 
13C NMR (100 MHz, CDCl3) į 29.4 (CH3), 128.07 (CH), 128.1 (CH), 128.3 
(CH), 128.6 (CH), 130.5 (CH), 131.0 (CH), 131.8 (CH), 133.4 (CH), 133.8 (C), 137.3 (C), 
139.4 (C), 144.6 (C), 191.5 (CH), 201.0 (C); HRMS (EI): m/z calcd for C15H12O2: 
224.0837, found 224.0823. 
 
5H-dibenzo[a,c][7]annulen-5-one (7). To a solution of 2'-acetylbiphenyl-2-carbaldehyde 6 
(1.00 g, 4.46 mmol) in a mixture of ethanol (25 mL) and water (25 mL) was added K2CO3 
(1.23 g, 8.92 mmol). The solution was refluxed for 3 h and then allowed to cool to rt. Water Toward Oscillating Biaryl-Allyl Ester and Derivatives Driven by Catalysis  
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(30 mL) was added, and the mixture was extracted with ethyl acetate (3×50 mL), the 
organic layers were combined, washed with brine (150 mL), dried (Na2SO4) and 
concentrated in vacuo. The residue was purified by column chromatography on silica gel 
(ethyl acetate: pentane = 1:9 as an eluent, Rf  = 0.57) to yield the 5H-
dibenzo[a,c][7]annulen-5-one (7) as a colorless oil (0.75 g, 3.66 mmol, 82%). 
1H NMR 
(400 MHz, CDCl3) į 6.68 (d, J = 12.2 Hz, 1H), 7.37 (d, J = 12.2 Hz, 1H), 7.49-7.61 (m, 
4H), 7.68 (t, J = 8.1 Hz, 1H), 7.89-7.94 (m, 2H), 7.96 (d, J = 7.9 Hz, 1H); 
13C NMR (100 
MHz, CDCl3) į 128.0 (CH), 128.3 (CH), 128.8 (CH), 129.2 (CH), 130.1 (CH), 130.9 (CH), 
131.35 (CH), 131.38 (CH), 132.8 (CH), 133.3 (C), 136.8 (C), 138.0 (C), 139.8 (CH), 140.9 
(C), 192.4 (C); HRMS (EI): m/z calcd for C15H10O: 206.0732, found 206.0745. 
OH
 
5H-dibenzo[a,c][7]annulen-5-ol (8). A solution of compound 7 (0.52 g, 2.52 mmol) in 
Et2O (10 mL) was cooled to -10
oC, lithium aluminum hydride (0.19 g, 5.05 mmol) was 
added, and the mixture stirred for 1.5 h. Sodium sulfate decahydrate was added until no 
evolution of gas bubbles from the solution were observed anymore. Additional ether (25 
mL) was added and the mixture was filtered with filter paper and concentrated in vacuo to 
give the crude product. Column chromatography (silica gel; ethyl acetate: pentane = 1:4 as 
an eluent, Rf = 0.48) provided 5H-dibenzo[a,c][7]annulen-5-ol (8) (0.47 g, 2.27 mmol, 90 
%) as a colorless oil. 
1H NMR (400 MHz, CDCl3) į 2.49 (br s, 1H), 4.82 (s, 1H), 6.11-6.20 
(m, 1H), 6.53 (d, J = 10.4 Hz, 1H), 7.35-7.43 (m, 4H), 7.47 (dt, J = 7.5, 1.3 Hz, 1H), 7.54 
(d, J = 7.6 Hz, 1H), 7.67 (d, J = 6.5 Hz, 1H), 7.73 (dd, J = 5.7, 3.4 Hz, 1H); 
13C NMR (100 
MHz, CDCl3) į 69.6 (CH), 126.6 (CH), 126.8 (CH), 126.9 (CH), 127.7 (CH), 128.8 (CH), 
129.6 (CH), 130.1 (CH), 131.5 (CH), 132.9 (CH), 134.9 (C), 135.6 (C), 138.9 (C), 139.9 
(CH), 140.8 (C); HRMS (EI): m/z calcd for C15H12O: 208.0888, found 208.0880. 
 
5H-dibenzo[a,c][7]annulen-5-yl acetate ( 3). A solution of compound 8 (0.40 g, 1.92 
mmol) was stirred at rt in dichloromethane (10 mL) in the presence of 4-DMAP (24 mg, 
0.19 mmol). After all of the material was dissolved, triethylamine (0.40 mL, 2.88 mmol) 
was added over 5 min. After stirring at rt for 10 min, acetic anhydride (0.27 mL, 2.88 
mmol) was added and the mixture was stirred at rt for 4 h. The mixture was diluted in 
dichloromethane (50 mL) and washed with water (2×100 mL), aqueous ammonium 
chloride (100 mL), brine (100 mL), dried (Na2SO4) and concentrated in vacuo to give the 
crude product, which was purified by column chromatography (silica gel; ethyl acetate: 
pentane = 5:95, Rf = 0.61) to provide the 5H-dibenzo[a,c][7]annulen-5-yl acetate (3) as a 
colorless oil (0.34 g, 1.37 mmol, 71 %). 
1H NMR (400 MHz, CDCl3) į 2.16 (s, 3H), 5.83 
(d, J = 3.8 Hz, 1H), 6.15 (d, J = 6.0 Hz, 1H), 6.60 (d, J = 10.5 Hz, 1H), 7.35-7.48 (m, 6H), 
7.57 (d, J = 7.5 Hz, 1H), 7.72-7.76 (m, 1H); 
13C NMR (100 MHz, CDCl3) į 20.9 (CH3),  
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71.4 (CH), 120.3 (CH), 126.3 (CH), 126.7 (CH), 127.0 (CH), 127.4 (CH), 127.6 (CH), 
128.9 (CH), 129.7 (CH), 130.3 (CH), 134.4 (C), 135.1 (C), 138.8 (C), 139.1 (CH), 140.7 
(C), 169.7 (C), HRMS (EI): m/z calcd for C17H14O2: 250.0994, found 250.0984. 
Alternative procedure for 5H-dibenzo[a,c][7]annulen-5-yl acetate (3). To a solution of 
bis[(P-chloro)(K
3-1,3-diphenylallyl)palladium(II)] (9) (100 mg, 0.15 mmol) in THF (5 mL) 
was added sodium acetate (37 mg, 0.45 mmol) in THF (10 mL) at 0°C. Then the reaction 
mixture was allowed to warm to rt and stirred for 5 h. The crude mixture was purified as 
described above to provide compound 3 (35 mg, 0.14 mmol, 92 %). A racemic mixture of 
compound 3 was analyzed by chiral HPLC analysis, Chiralcel OD column (heptanes: i-
PrOH; 97: 3), detection at 275 nm, retention times: 6.34 (first enantiomer) and 9.77 min 
(second enantiomer). 
 
General Procedure A for dimethyl 2-(5H-dibenzo[a,c][7]annulen-5-yl)malonate (10). 
A solution of 5H-dibenzo[a,c][7]annulen-5-yl acetate 3 (0.20 g, 0.80 mmol) was stirred at 
rt in THF (5 mL) in the presence of Pd(PPh3)4 (92 mg, 0.08 mmol). After stirring for 10 
min, a solution of sodium dimethyl malonate, generated from dimethyl malonate (0.14 mL, 
1.20 mmol) and NaH (29 mg, 1.20 mmol) in THF (3 mL) was added at 0°C. Then the 
reaction mixture was allowed to warm to rt and stirred for 5 h. The mixture was diluted in 
Et2O (20 mL) and washed with water (30 mL), aqueous ammonium chloride (30 mL), brine 
(30 mL), dried (Na2SO4) and concentrated in vacuo to give the crude product, which was 
purified by column chromatography (silica gel; ethyl acetate: pentane = 1:4, Rf = 0.35) to 
provide a racemic mixture of dimethyl 2-(5H-dibenzo[a,c][7]annulen-5-yl)malonate (10) as 
a colorless oil (0.14 g, 0.43 mmol, 54 %). 
1H NMR (400 MHz, CDCl3) į 3.36 (s, 3H), 3.42 
(d, J = 11.8 Hz, 1H), 3.66 (s, 3H), 4.28 (dd, J = 11.8, 8.6 Hz, 1H), 6.36 (dd, J = 10.6, 8.6 
Hz, 1H), 6.64 (d, J = 10.7 Hz, 1H), 7.24-7.27 (m, 1H), 7.31-7.35 (m, 3H), 7.37-7.41 (m, 
2H), 7.55 (dd, J = 7.1, 1.9 Hz, 1H), 7.70-7.73 (m, 1H); 
13C NMR (100 MHz, CDCl3) į 44.8 
(CH3), 51.2 (CH3), 52.1 (CH), 52.5 (CH), 127.2 (CH), 127.2 (CH), 127.3 (CH), 127.7 (CH), 
129.2 (CH), 129.4 (CH), 129.8 (CH), 130.3 (CH), 131.1 (CH), 132.5 (CH), 134.9 (C), 
137.6 (C), 139.0 (C), 140.4 (C), 168.1 (C), 168.5 (C); HRMS (EI): m/z calcd for C20H18O4: 
322.1205, found 322.1209. 
Asymmetric synthesis of compound 10. Compound 10 was prepared via general 
procedure A, from 5H-dibenzo[a,c][7]annulen-5-yl acetate 3 (0.20 g, 0.80 mmol) and a 
solution of sodium dimethyl malonate (1.20 mmol), using Pd2(dba)3 (73 mg, 0.08 mmol) 
and ligand (0.32 mmol). The crude product was purified using flash column 
chromatography (silica gel; ethyl acetate: pentane = 1:4, Rf = 0.35). Compound 10 was 
obtained as colorless oil 110-134 mg (43-52%). E.e. was determined by chiral HPLC Toward Oscillating Biaryl-Allyl Ester and Derivatives Driven by Catalysis  
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analysis, Chiralcel OD column (heptanes: i-PrOH; 95: 5), detection at 300 nm, retention 
times: 9.04 (first enantiomer) and 12.11 min (second enantiomer).   
Procedure B for dimethyl 2-(5H-dibenzo[a,c][7]annulen-5-yl)malonate ( 10). To a 
solution of bis[(P-chloro)(K
3-1,3-diphenylallyl)palladium(II)] (9) (200 mg, 0.29 mmol) in 
THF (5 mL) was added sodium dimethyl malonate (0.86 mmol) in THF (10 mL) at 0°C. 
The reaction mixture was allowed to warm to rt and stirred for 5 h. The crude mixture was 
purified as described in general procedure A to provide 70 mg of compound 10 (0.22 
mmol, 75 %). 
 
Bis[(P-chloro)(K
3-1,3-diphenylallyl)palladium(II)] (9). PdCl2 (0.30 g, 1.69 mmol) and 
LiCl (0.29 g, 6.77 mmol) were stirred in water (2.5 mL) for 45 min. Ethanol (4.0 mL) and 
5H-dibenzo[a,c][7]annulen-5-yl acetate 3 (0.85 g, 3.38 mmol) in THF (10 mL) were added 
and the brown solution was cooled to 0°C. After the addition of 1.2 mL of (conc.) aq. HCl, 
carbon monoxide was slowly bubbled through the solution for 15 min. Another 0.8 mL of 
(conc.) aq. HCl was added and CO passed through the solution for another 1.5 h. The 
stream of CO was then stopped and the solution stirred under CO atmosphere for 7 h at rt. 
The yellow-orange suspension obtained was filtered, washed with mother liquors, methanol 
(50 mL), and Et2O (30 mL), and dried under high vacuum to yield the palladium dimer 
complex 9 0.54 g (0.82 mmol, 48 %). Anal. Calcd for C30H22-Cl2Pd2: C, 54.18; H, 3.34. 
Found: C, 54.28; H, 3.32. 
1H NMR (400 MHz, DMSO) į 5.40 (d, J = 7.9 Hz, 2H), 6.19 (d, 
J = 7.9 Hz, 4H), 7.35-7.51 (m, 8H), 7.63 (d, J = 6.7 Hz, 4H), 7.89 (d, J = 7.5 Hz, 4H); 
13C 
NMR (100 MHz, DMSO) į 85.7, 85.8, 95.6, 95.7, 128.7, 128.7, 128.8, 128.83, 128.9, 
128.94, 130.0, 132.7, 132.74, 133.5, 134.8; MALDI-TOF (2,5-dihydroxybenzoic acid as a 
matrix): m/z calcd for C30H22-Cl2Pd2: 666.24, found 631.5 (C30H22Cl2Pd2 
_ Cl
-). 
 
5D-dibenzo[a,c][7]annulen-5-ol (11). A solution of compound 7 (0.32 g, 1.55 mmol) in 
Et2O (10 mL) was cooled to -10
oC, lithium aluminum deuteride (85 mg, 2.02 mmol) was 
added and the mixture stirred for 1.5 h. Sodium sulfate decahydrate was added until the 
bubbling of gas in the solution ceased. Subsequently ether (20 mL) was added and the 
mixture was filtered with filter paper and concentrated in vacuo to give the crude product. 
Column chromatography (silica gel; ethyl acetate: pentane = 1:4 as an eluent, Rf = 0.49) 
provided 5D-dibenzo[a,c][7]annulen-5-ol (11) (0.31 g, 1.48 mmol, 95 %) as a colorless oil. 
1H NMR (400 MHz, CDCl3) į 3.21 (br s, 1H), 6.17 (d, J = 10.2 Hz, 1H), 6.53 (d, J = 10.5 
Hz, 1H), 7.35-7.49 (m, 4H), 7.56 (d, J = 7.6 Hz, 1H), 7.69 (d, J = 6.2 Hz, 1H), 7.72-7.76 
(m, 1H); 
13C NMR (100 MHz, CDCl3) į 68.9 (CD), 120.5 (CH), 125.3 (CH), 126.3 (CH), 
126.6 (CH), 126.7 (CH), 127.5 (CH), 128.7 (CH), 129.5 (CH), 129.8 (CH), 134.7 (C),  
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135.4 (C), 137.2 (CH), 138.8 (C), 144.4 (C); HRMS (EI): m/z calcd for C15H11DO: 
209.0951, found 209.0964. 
 
5D-dibenzo[a,c][7]annulen-5-yl acetate (12). A solution of compound 11 (0.28 g, 1.34 
mmol) was stirred at rt in dichloromethane (10 mL) in the presence of 4-DMAP (24 mg, 
0.19 mmol). After all of the material was dissolved, triethylamine (0.40 mL, 2.88 mmol) 
was added over 5 min. After stirring at rt for 10 min, acetic anhydride (0.27 mL, 2.88 
mmol) was added and the mixture was stirred at rt for 4 h. The mixture was diluted in 
dichloromethane (50 mL) and washed with water (2×100 mL), aqueous ammonium 
chloride (100 mL), brine (100 mL), dried (Na2SO4) and concentrated in vacuo to give the 
crude product, which was purified by column chromatography (silica gel; ethyl acetate: 
pentane = 5:95, Rf = 0.60) to provide the 5D-dibenzo[a,c][7]annulen-5-yl acetate (12) as a 
colorless oil (0.25 g, 0.98 mmol, 73 %). 
1H NMR (400 MHz, CDCl3) į 2.20 (br s, 3H), 6.15 
(s, 1H), 6.62 (d, J = 10.2 Hz, 1H), 7.37-7.46 (m, 5H), 7.48 (t, J = 1.6 Hz, 1H), 7.59 (d, J = 
7.2 Hz, 1H), 7.74-7.77 (m, 1H); 
13C NMR (100 MHz, CDCl3) į 21.0 (CH3), 71.5 (CD), 
119.6 (CH), 126.6 (CH), 126.8 (CH), 126.9 (CH), 127.1 (CH), 127.6 (CH), 127.7 (CH), 
128.9 (CH), 128.9 (CH), 129.6 (CH), 129.8 (CH), 130.4 (CH), 133.3 (C), 135.2 (C), 138.8 
(C), 139.0 (C), 169.8 (C); HRMS (EI): m/z calcd for C17H13DO2: 251.1057, found 
251.1062. 
 
3,6-dibromo-10-hydroxy-10-methylphenanthren-9(10H)-one (17). To a solution of 3,6-
dibromophenanthrene-9,10-dione (16)
45 (1.18 g, 3.23 mmol) in Et2O (10 mL) was slowly 
added (2.0 M in toluene)  dimethylzinc (2.09 mL, 4.19 mmol). After the material was 
dissolved, the solution was stirred at rt for 1 h and subsequently methanol (10 mL) was 
added followed by heating for 1 h at 60°C. The mixture was diluted with Et2O (50 mL). 
The organic layer was extracted with water (2×100 mL), aqueous ammonium chloride (100 
mL), brine (100 mL), dried (Na2SO4) and concentrated in vacuo to give the crude product. 
Purification by column chromatography (silica gel; ethyl acetate: pentane = 1:9 as an 
eluent, Rf = 0.38) yielded 3,6-dibromo-10-hydroxy-10-methylphenanthren-9(10H)-one (17) 
(1.10 g, 2.89 mmol, 90 %) as a yellow oil.
 1H NMR (400 MHz, CDCl3) į 1.51 (s, 3H), 3.93 
(s, 1H), 7.54 (ddd, J = 8.3, 1.9, 0.9 Hz, 1H), 7.59 (ddd, J = 8.2, 1.7, 1.0 Hz, 1H), 7.66 (d, J 
= 8.3 Hz, 1H), 7.84 (d, J = 8.2 Hz, 1H), 7.90 (d, J = 1.7 Hz, 1H), 8.02 (d, J = 1.3 Hz, 1H); 
13C NMR (100 MHz, CDCl3) į 32.4 (CH3), 76.6 (C), 122.4 (C), 126.57 (CH), 126.6 (C), 
127.1 (CH), 127.7 (CH), 129.28 (CH), 129.3 (C), 130.7 (C), 132.2 (CH), 132.9 (CH), 137.7 Toward Oscillating Biaryl-Allyl Ester and Derivatives Driven by Catalysis  
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(C), 140.7 (C), 202.2 (C); HRMS (EI): m/z calcd for C15H10Br2O2: 379.9048, found 
379.9054. 
 
3,6-dibromo-9-methyl-9,10-dihydrophenanthrene-9,10-diol  (18). A solution of 3,6-
dibromo-10-hydroxy-10-methylphenanthren-9(10H)-one (17) (0.54 g, 1.41 mmol) in Et2O 
(20 mL) was cooled to -10
oC, lithium aluminum hydride (54 mg, 1.41 mmol) was added 
and stirring continued for 1.5 h. Sodium sulfate decahydrate was added until no gas 
evolution in the solution was observed anymore. Additional ether (30 mL) was added and 
the mixture was filtered with filter paper and concentrated in vacuo to give the crude 
product. Column chromatography (silica gel; ethyl acetate: pentane = 1:4 as an eluent, Rf = 
0.51) provided 3,6-dibromo-9-methyl-9,10-dihydrophenanthrene-9,10-diol (18) (0.43 g, 
1.11 mmol, 79 %) as a yellow oil.
 1H NMR (400 MHz, acetone) į 1.17 (s, 3H), 4.56 (s, 1H), 
4.85 (d, J = 3.3 Hz, 1H), 4.95 (d, J = 4.4 Hz, 1H), 7.57 (d, J = 2.0 Hz, 1H), 7.59 (d, J = 2.0 
Hz, 1H), 7.69 (dd, J = 8.2, 1.2 Hz, 1H), 7.75 (d, J = 8.3 Hz, 1H), 8.05 (d, J = 1.9 Hz, 2H); 
13C NMR (100 MHz, acetone) į 21.20 (CH3), 74.8 (C), 74.9 (CH), 121.7 (C), 121.8 (C), 
126.8 (CH), 126.9 (CH), 127.5 (CH), 127.8 (CH), 131.6 (CH), 132.0 (CH), 133.3 (C), 
134.1 (C), 138.5 (C), 143.6 (C); HRMS (EI): m/z calcd for C15H12Br2O2: 381.9204, found 
381.9213. 
 
2'-acetyl-5,5'-dibromobiphenyl-2-carbaldehyde (19). To a suspension of 3,6-dibromo-9-
methyl-9,10-dihydrophenanthrene-9,10-diol (0.60 g, 1.56 mmol) and water-free Na2CO3 
(0.36 g, 3.44 mmol) in CH2CI2 (50 mL) at 0°C was added Pb(OAc)4 (0.69 g, 85% with 15% 
HOAc, 1.56 mmol) in portions. The mixture was stirred for 1 h. Water (50 mL was added, 
and the suspension allowed to warm to rt, filtered over celite followed by washing with 
CH2Cl2 (50 mL). The organic layer was washed with water (100 mL), aqueous ammonium 
chloride (100 mL), brine (100 mL), dried (Na2SO4) and concentrated in vacuo to give the 
crude product, which was purified by column chromatography (silica gel; ethyl acetate: 
pentane = 1:9, Rf = 0.45) to provide the 2'-acetyl-5,5'-dibromobiphenyl-2-carbaldehyde (19) 
as a light-yellow oil (0.30 g, 0.80 mmol, 51 %). 
1H NMR (400 MHz, CDCl3) į 2.33 (s, 3H), 
7.36 (d, J = 1.9 Hz, 1H), 7.41 (d, J = 1.9 Hz, 1H), 7.61-7.65 (m, 2H), 7.69 (d, J = 8.3 Hz, 
1H), 7.78 (d, J = 8.3 Hz, 1H), 9.68 (s, 1H); 
13C NMR (100 MHz, CDCl3) į 28.69 (CH3), 
125.9 (C), 128.4 (C), 130.0 (CH), 130.3 (CH), 131.4 (CH), 131.6 (CH), 132.4 (C), 132.7 
(CH), 134.1 (CH), 136.7 (C), 138.2 (C), 144.2 (C), 189.8 (CH), 198.5 (C); HRMS (EI): m/z 
calcd for C15H10Br2O2: 379.9048, found 379.9035. 
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2,10-dibromo-5H-dibenzo[a,c][7]annulen-5-one ( 20). To a solution of 2'-acetyl-5,5'-
dibromobiphenyl-2-carbaldehyde (19) (0.28 g, 0.75 mmol) in a mixture of ethanol (10 mL) 
and water (10 mL) was added K2CO3 (0.26 g, 1.88 mmol). The solution was reacted at 
reflux for 3 h and then allowed to cool to rt. Water (30 mL) was added, and the mixture was 
extracted with ethyl acetate (2×50 mL), the organic layers were combined, washed with 
brine (100 mL), dried (Na2SO4) and concentrated in vacuo. The residue was purified by 
column chromatography on silica gel (ethyl acetate: pentane = 1:9 as an eluent, Rf = 0.52) 
to yield the 2,10-dibromo-5H-dibenzo[a,c][7]annulen-5-one (20) as a orange oil (0.21 g, 
0.59 mmol, 78%). 
1H NMR (400 MHz, CDCl3) į 6.61 (d, J = 12.2 Hz, 1H), 7.22 (d, J = 
12.2 Hz, 1H), 7.34 (d, J = 8.3 Hz, 1H), 7.56 (dd, J = 8.3, 2.0 Hz, 1H), 7.66 (dd, J = 8.4, 1.8 
Hz, 1H), 7.76 (d, J = 8.4 Hz, 1H), 7.91 (dd, J = 8.5, 1.8 Hz, 2H); 
13C NMR (100 MHz, 
CDCl3) į 123.6 (C), 126.5 (C), 130.9 (CH), 131.7 (CH), 132.0 (CH), 132.4 (C), 132.5 
(CH), 133.0 (CH), 133.3 (CH), 133.4 (CH), 136.9 (C), 138.2 (C), 138.7 (CH), 139.7 (C), 
190.8 (C); HRMS (EI): m/z calcd for C15H8Br2O: 361.8942, found 361.8935. 
 
2,10-diphenyl-5H-dibenzo[a,c][7]annulen-5-one (21). To a solution of 2,10-dibromo-5H-
dibenzo[a,c][7]annulen-5-one (20) (0.27 g, 0.74 mmol) in toluene (5 mL) was added a 
solution of phenyl boronic acid (0.20 g, 1.64 mmol) in ethanol (5 mL) under a nitrogen 
atmosphere. After stirring for 10 min at rt, a mixture of Pd(PPh3)4 (85 mg, 0.07 mmol) in 
toluene (2 mL) and aqueous Na2CO3 (2 M, 2.2 mL) was added to the reaction mixture. The 
reaction mixture was heated at reflux for 5 h, cooled to rt, diluted with Et2O (50 mL), 
washed with water (100 mL), brine (100 mL), dried (Na2SO4) and concentrated in vacuo. 
The residue was purified by column chromatography on silica gel (ethyl acetate: pentane = 
1:4 as an eluent, Rf = 0.45) to yield the 2,10-diphenyl-5H-dibenzo[a,c][7]annulen-5-one 
(21) as a yellow solid (0.23 g, 0.65 mmol, 87%); m.p.= 248-250°C. 
1H NMR (400 MHz, 
CDCl3) į 6.73 (d, J = 12.1 Hz, 1H), 7.38 (d, J = 12.3 Hz, 1H), 7.41- 7.46 (m, 2H), 7.46-
7.53 (m, 4H), 7.59 (d, J = 8.1 Hz, 1H), 7.64-7.72 (m, 5H), 7.81 (dd, J = 8.2, 1.5 Hz, 1H), 
8.09-8.13 (m, 3H); 
13C NMR (100 MHz, CDCl3) į 126.8 (CH), 127.0 (CH), 127.2 (CH), 
127.9 (CH), 128.1 (CH), 128.8 (CH), 128.9 (CH), 129.6 (CH), 129.8 (CH), 132.1 (CH), 
132.4 (C), 132.8 (CH), 137.4 (C), 138.5 (C), 139.4 (CH), 139.56 (C), 139.6 (C), 139.7 (C), 
141.9 (C), 144.0 (C), 191.8 (C); HRMS (EI): m/z calcd for C27H18O: 358.1358, found 
358.1347. 
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2,10-diphenyl-5D-dibenzo[a,c][7]annulen-5-ol (22). A solution of compound 21 (0.14 g, 
0.40 mmol) in Et2O (10 mL) was cooled to -10
oC, lithium aluminum deuteride (22 mg, 0.52 
mmol) was added and the mixture stirred for 1.5 h. Sodium sulfate decahydrate was added 
until no evolution of gas bubbles from the solution were observed anymore. Additional 
ether (20 mL) was added and the mixture was filtered with filter paper and concentrated in 
vacuo to give the crude product. Column chromatography (silica gel; ethyl acetate: pentane 
= 1:4 as an eluent, Rf = 0.51) provided 2,10-diphenyl-5D-dibenzo[a,c][7]annulen-5-ol (22) 
(0.10 g, 0.28 mmol, 71 %) as a yellow oil. 
1H NMR (400 MHz, CDCl3) į 2.34 (br s, 1H), 
6.21 (s, 1H), 6.62 (d, J = 9.9 Hz, 1H), 7.31-7.55 (m, 7H), 7.58-7.78 (m, 7H), 7.81 (s, 1H), 
8.01 (s, 1H); 
13C NMR (100 MHz, CDCl3) į 60.4 (CD), 125.8 (CH), 126.7 (CH), 127.17 
(CH), 127.2 (CH), 127.5 (CH), 128.3 (CH), 128.8 (CH), 128.9 (CH), 129.5 (CH), 134.7 
(C), 139.4 (C), 139.7 (C), 139.8 (C), 140.5 (C), 140.8 (C); HRMS (EI): m/z calcd for 
C27H19DO: 361.1577, found 361.1567. 
OAc
D
 
2,10-diphenyl-5D-dibenzo[a,c][7]annulen-5-yl acetate (14). A solution of compound 22 
(0.10 g, 0.28 mmol) was stirred at rt in dichloromethane (10 mL) in the presence of 4-
DMAP (3 mg, 0.03 mmol). After all of the material was dissolved, triethylamine (10 PL, 
0.06 mmol) was added over 3 min. After stirring at rt for 10 min, acetic anhydride (30 PL, 
0.31 mmol) was added and the mixture was stirred at rt for 4 h. The mixture was diluted in 
dichloromethane (25 mL) and washed with water (50 mL), aqueous ammonium chloride 
(50 mL), brine (50 mL), dried (Na2SO4) and concentrated in vacuo to give the crude 
product, which was purified by column chromatography (silica gel; ethyl acetate: pentane = 
5:95, Rf = 0.63) to provide product 14 as a colorless foam (77 mg, 0.19 mmol, 68 %). 
1H 
NMR (400 MHz, CDCl3) į 2.33 (s, 3H), 6.16 (s, 1H), 6.66 (s, 1H), 7.34-7.53 (m, 7H), 7.55 
(d, J = 8.0 Hz, 1H), 7.62-7.74 (m, 6H), 7.84 (s, 1H), 8.03 (s, 1H); 
13C NMR (100 MHz, 
CDCl3) į 21.08 (CH3), 45.62 (CD), 120.8 (CH), 126.0 (CH), 126.6 (CH), 127.2 (CH), 
127.24 (CH), 127.4 (CH), 127.6 (CH), 128.6 (CH), 128.8 (CH), 128.9 (CH), 129.3 (CH), 
129.6 (CH), 134.3 (C), 139.3 (C), 139.9 (C), 140.5 (C), 140.7 (C), 169.9 (C); HRMS (EI): 
m/z calcd for C29H21DO2: 403.1683, found 403.1689. 
 
Procedure C for a catalytic allylic rearrangement of compound 12 and 14. A solution 
of compound 12 or 14 (~5×10
-2 M in THF 10 mL) was stirred with a variety of palladium 
catalysts (5-20 mol%, Table 2) for periods of time at room temperature, yielding mixtures 
of compound 12/13 (Table 2) or 14/15. The reaction mixture (~2 mL) was filtered through 
SiO2 in a short pipette, the solvent evaporated in vacuo and the residue dissolved in CDCl3  
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before 
1H NMR measurement (details of time-scale are shown in Table 2). The 
rearrangement reaction was followed by 
1H NMR spectroscopy (vide infra). 
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Chapter 4 
Reversing the Direction in Light-
Driven Rotary Molecular Motors 
 
The aim of this chapter was to synthesize molecular motors capable of 
unidirectional rotation, in either direction, using base-catalyzed epimerization. The 
synthesis of a reversible motor, with the ability to rotate clockwise and counter-
clockwise, depending on the initial trigger used, was achieved. 
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4.1   Introduction 
The design of molecular motors and machines ranks among the major challenges in 
contemporary science.
1 Taking inspiration from nature’s molecular motors, present in 
virtually every important biological process,
1a,2 that allow organisms to perform complex 
machine-like tasks routinely, artificial mechanical systems in particular translational and 
rotary molecular motors have been designed and made.
1,2f,3  Biological as well as synthetic 
molecular motors operate at the nano-scale against random thermal Brownian motion
4 in 
contrast to macroscopic machines that perform mechanical tasks within the constraints of 
inertia and friction. Control of the directionality of translational or rotary motion at the 
nanoscale is therefore an elusive goal that is nevertheless essential in performing 
mechanical functions with synthetic molecular motors. To this end, light-,
2,5 chemical-,
6 
and redox-driven
7 molecular motors have been constructed recently.  
An intriguing central characteristic of biological rotary motors, e.g., ATPase and the 
bacterial flagella motor,
2a,b is the ability to reverse the direction of the rotation. This ability 
of natural motor raises a pertinent question on the artificial motor function; can we switch 
the direction of rotation from a forward to a backward continuous rotary motion. 
In 2005, we reported on a molecular structure in which a fragment can be 
circumrotated in either direction. The reversal of rotary movement has been achieved to 
some extent using multistep chemical reaction sequences in a biaryl propeller system.
6a The 
molecule 1 consists of a rotor moiety and a stator moiety, connected by a single carbon-
carbon bond which acts as the axis of rotation (Figure 1a). A rotor (yellow and blue) is 
driven, about an axis, in the clockwise direction relative to a stator (red). Four stations 
indicated as A to D are involved. Directionally selective chemically bond-breaking 
processes (step 1 and step 3) drive movement between stations. These steps alternate with 
directionally selective bond-making chemical reactions (step 2 and step 4). The bond-
breaking processes rely on the chiral chemical fuel that discriminates between the two 
dynamically equilibrating helical forms of stations A or C to stations B or D, respectively. 
The bond-making processes between the rotor and the stator use the principle of orthogonal 
chemical reactivity to achieve unidirectionality: Either the yellow or the blue end of the 
rotor can be selectively bound to the stator to form station A or C (Figure 1b). Reversing the Direction in Light-Driven Rotary Molecular Motors 
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Figure 1. Schematic illustration for the operation of unidirectional power stroke 
motor 1. (a) Structure of molecular rotary motor 1. It comprises a stator part and a rotor 
part connected by a single carbon-carbon bond that functions as the axle of rotation. (b) The 
complete cycle involves two chemically bond-breaking steps (step 1 and step 3) and two 
chemically bond-making steps (step 2 and step 4), each of which provides the driving force 
for approximately 90° unidirectional rotation to the next station (Figure reproduced from 
ref. 6a). 
Scheme 1 represents the four stations of the molecule 1. The upper-half rotates 
relatively with respect to the lower-half stator which was achieved by the introducing bond-
forming (1a and 1c) and bond-breaking (1b and 1d) of the lactone unit. The ortho 
substituent on the aryl rings in structures 1b and 1d (Scheme 1) block free axial rotation for 
steric reasons and thereby prevent thermal helix inversion in the unlocked stages. 
 
Scheme 1. Chemical structures of four step switching cycle for unidirectional chemically-
driven rotary motor 1. 
 Consequently, the key to the overall unidirectional motion of the rotor is asymmetric 
reductive ring opening reactions of lactones 1a and 1c. The use of (S)-2-methyl-
oxazaborolidine (chiral reducing agent) resulted in an excellent enantioselectivity (ratio of 
97: 3 and 90: 10 starting from 1a and 1c, respectively) and high preference for the rotor to  
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move in the clockwise direction (Figure 1). The sense of rotation induced in breaking the 
lactone bond (Scheme 1, step 1, 1aĺ1b and step 3, 1cĺ1d) is determined only by the 
chirality of the fuel (the chiral reducing agent). Thus (R)-2-methyl-oxazaborolidine could 
be used to drive counterclockwise rotation instead. Similarly, the sense in steps 2 and 4 is 
also controlled by the choice of chemical reagents, in this case the order of deprotection of 
the rotor’s enantiotopic hydroxyl groups. After deprotection, the selectively released phenol 
group undergoes a lactonization reaction to return the rotor to 1c or 1a. The degree to which 
the unidirectional rotation occurs was determined by analyzing compounds 1b and 1d with 
the use of chiral HPLC. These species are enantiomers and have identical spectral data but 
retention times of 1b = 16 min and of 1d = 12 min. 
The whole reaction sequence produces a net unidirectional rotation of the rotary motor 
1. Not all of the chemical manipulations in the cycle actually produce rotary motion. 
However, each chemical conversion is currently a necessary component of the motor 
design. These reactions are used either to interconvert functionality so that motion is 
energetically favorable, or to ensure that the entire 360° rotational process occurs 
exclusively in one direction. The combination of reactions and purifications for the motor 1 
make it less practical than previously reported light-driven synthetic motors.
8 However, this 
reversible rotary motor does show that chemically-driven 360° unidirectional rotation is 
feasible. 
Another example of a reversible molecular system, has been reported by Leigh and co-
workers comprising a reversible rotary molecular motor with interlocked molecular ring 
(Figure 2).
6e The catenane 2 was prepared incorporating the E-isomer of fumaramide-2 
(fum-E-2) in its ring structure.
9 In chemical terms, the catenane 2 contains one succinic 
amide moiety (top-part station; not photoactive) and one fumaramide moiety (bottom-part 
station; photoactive) with different macrocycle binding affinities. A photoactive 
fumaramide (bottom-station) can be selectively isomerized with UV-light (254 nm; step 1 
and 3) followed by de- and re-protection of either silyl- or trityl-groups of hydroxy moieties 
(left- and right-station) using chemical reactions. In this way, the relative order of binding 
affinities can be selectively controlled (clockwise or counterclockwise), and sequential 
movement of the small macrocycle (shuttle part) can be performed.    Reversing the Direction in Light-Driven Rotary Molecular Motors 
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Figure 2. Schematic illustration for the small (light blue) ring in a catenane rotary 
molecular motor 2. (a) The complete cycle involves E-Z isomerization (step 1 and 3), 
followed by two chemically bond-breaking and bond-making steps of the silyl group (step 
2 (clockwise) and 2’ (counterclockwise)) and two chemically de-tritylation and re-
tritylation steps (step 4 (clockwise) and 4’ (counterclockwise)), each of which provides the 
driving force for approximately 180° unidirectional rotation to the next station. (b) 
Structure of molecular catenane 2 with the small ring (Figure reproduced from ref. 6e).  
Net changes in the position (potential energy) of the smaller ring were sequentially 
achieved by: step 1 photoisomerization
10 of the fum-E-2 to the poorly binding maleamide-
Z-2 (mal-Z-2); step 2 with de-silylation and re-silylation to the succinamide-Z-2 (succ-Z-2); 
step 3 reisomerization to the fumaramide-2 (succ-E-2); and finally, step 4 de-tritylation and 
re-tritylation to regenerate fum-E-2, the whole reaction sequence producing a net clockwise 
(Figure 2a) rotation of the small ring about the larger one. Exchanging the order of steps 
(step 2’ and step 4’) generated the equivalent counterclockwise rotation of the small ring. 
The time scales and number of reactions involved for directional rotation in catenane 2 
make it less practical than the methods previously developed for nonreversible synthetic 
rotary motors.
6d,8 
In this chapter, we describe the first reversible light-driven unidirectional molecular 
motor. Using a novel approach, photochemical helix inversion can be followed either by a 
thermal forward step or a base-induced inversion of stereochemistry of the motor. In the 
latter case, the directionality of the rotary motion is reversed; a change that can be achieved 
at two different points in the full 360° rotatory cycle. 
4.2   Results and Discussions 
4.2.1   Molecular design 
We have designed light-driven rotary molecular motors, which show unidirectional 
rotational motion in solution
8,11 and as well as on surfaces.
12 These rotary motors, due to the  
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change in the chirality of molecules are capable of inducing reorganization in liquid 
crystalline films and as a consequence rotation of microscopic objects can be achieved.
13 
Furthermore, kinetically driven helix reversal in polymers has been observed.
14 The 
controlled directional motion is assured by the chirality at the 2’-position of the molecule A 
(Scheme 2).
8b 
 
Scheme 2. Full 360° unidirectional rotary cycle of second-generation molecular motor A.
8b 
With this system, the unidirectional 360° rotation of the rotor unit relative to the 
asymmetric-stator in molecular motor A is performed through a four-step switching cycle 
(photochemical isomerization (step 1 and 3) and thermal isomerization (step 2 and 4)). Both 
energetically  uphill photochemical isomerization steps are followed by an energetically 
downhill irreversible thermal helix inversion step that overall providing for full 360
o 
rotation of one half of the molecule with respect to the other. 
The unidirectionality of the rotary process is ensured by the thermal helix inversion 
steps while the direction of rotation is governed by the configuration at the stereogenic 
centre (Figure 3). Reversing the Direction in Light-Driven Rotary Molecular Motors 
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Figure 3. Schematic representation for the concept of reversible motor. (a) Structure of 
molecular rotary motor B including projection along axle between rotor and stator part. (b, 
c) Clockwise and counterclockwise rotary cycles. The change of orientation of rotor with 
respect to stator is indicated at each stage in the projection. Photochemical helix inversion 
followed by base-induced epimerization results in reversal of rotation from an initial 
clockwise (b) to a counterclockwise mode (c). This epimerization can be induced from each 
of the less-stable isomers during a full rotary cycle.  
The key parameter is the strong conformational preference for the methyl substituent in 
molecular motor B (symmetrical stator structure related to motor A).
8b Since the 
unidirectionality is controlled by the relative configuration at single stereogenic centre, we 
anticipated that the direction of the rotation could be inverted from clockwise to 
counterclockwise by changing the configuration at this stereogenic centre at specific stages 
of the rotary cycle. This could be achieved using base-catalysed epimerization of the 
stereocentre in the less-stable isomers, generated photochemically from the stable isomers. 
The epimerization of the motor in a less-stable form would lead to the formation of the 
thermodynamically more stable isomer of opposite stereochemistry (from Figure 3b to 3c).  
In the design of our new motor molecule, the epimerization is promoted by replacing 
the methyl substituent at the stereogenic centre by an electron-withdrawing group. This will 
increase the acidity of the adjacent proton and facilitate selective deprotonation to generate 
the desired carbanion intermediate. In addition, in the new molecular motor design, the 
stereogenic center bearing an electron-withdrawing group (EWG) must be repositioned 
from the 2’-position of common motor molecule designs to the 3’-position. This 
repositioning is necessary to avoid the formal allylic shift of the proton at the stereogenic 
center at position 2’, which might occur upon deprotonation, and subsequent reprotonation 
steps. Taking into account the above mentioned considerations two new reversible 
molecular motors 3 and 4 were designed (Figure 4).  
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Figure 4. Design of molecular motor for base-mediated epimerization. In order to allow 
a deprotonation and reprotonation processes, an electron-withdrawing group (EWG) instead 
of methyl group at the stereogenic centre is introduced. Inversion of stereochemistry at the 
stereogenic centre can be achieved by base mediated epimerization. (a) Molecular motor 
with EWG at 2’-position and undesired allylic proton shift after epimerization. (b) 
Molecular motors 3 and 4 with EWG (i.e. in this case an amide) at the 3’-position allowing 
epimerization without compromising the motor function. 
We envisioned that after photoinduced isomerization of molecular motor (3’S)-(M)-3 
(clockwise rotation) to a less-stable isomer (3’S)-(P)-3’ (where the EWG at 3’-position is in 
the sterically disfavored pseudo-axial orientation)
15 it can either revert to the stable form 
(3’S)-(M)-3 via thermal helix inversion (clockwise) or, if treated with base, deprotonation 
to form an enolate would occur (Scheme 3). The subsequent protonation of the enolate 
would lead to the epimerization of the initial stereocenter affording the opposite enantiomer 
of the stable isomer of the motor, thus allowing further photoinduced counterclockwise 
rotation starting from stable (3’R)-(P)-3. We surmised that the driving force for the 
epimerization process would be the release of steric strain present in less-stable isomer 
(3’S)-(P)-3’, by allowing the EWG to adopt a more favorable pseudo-equatorial orientation. 
 
Scheme 3.  Anticipated clockwise and counterclockwise rotation processes by 
photochemical, thermal and base catalyzed isomerization of molecular motor 3. Reversing the Direction in Light-Driven Rotary Molecular Motors 
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4.2.2   The synthesis of reversible molecular motor 3 
Molecular motor 3 was prepared in 6 steps as shown in Scheme 4. The upper-half of 
the motor, acid 6 was obtained by treating naphthalene-2-thiol 5 with maleic anhydride and 
triethylamine followed by cyclization with aluminum trichloride, by analogy to a synthetic 
sequence using thiophenol, reported earlier.
16 Dimethylamide 7 was prepared in good yield 
using standard peptide coupling conditions,
17 by treatment of the acid 6 with dimethylamine 
hydrochloride in the presence of 1-hydroxybenzotriazole hydrate and N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride. Treatment of 7 with hydrazine 
monohydrate at 80°C gave hydrazone 8 in 55% yield. The key step in the synthesis of 3 is a 
Barton-Kellogg diazo-thioketone coupling.
18 This was performed by oxidizing hydrazone 8 
to the diazo compound 9 with iodobenzene diacetate,
19 and then treating it in situ with 
thioketone  10
20 to provide a mixture of episulfide 11 and molecular motor 3.
21 The 
synthetic sequence was continued with reductive desulfurization of the mixture of 11 and 3 
with PPh3, affording the sterically overcrowded alkene 3 as a racemic mixture of (3’S)-(M)-
3 and (3’R)-(P)-3 in 54% yield (2 steps). Molecular motor 3 was characterized by 
1H, 
13C 
NMR, and HRMS. 
 
Scheme 4. Synthesis of the reversible molecular motor 3.
 
4.2.3   Spectroscopic measurements of photochemical, thermal and base-
catalyzed isomerizations of molecular motor 3 
Figure 5a shows the UV/Vis spectroscopic experiments on the racemic mixture of 
stable motor 3eq (eq and ax denote equatorial and axial orientation of the amide substituent 
at the stereocentre, respectively) indicated a process with well-defined isosbestic points. 
Upon photo irradiation (stable 3eq to less-stable 3’ax) in dodecane at room temperature using 
365 nm light, an extra absorption band appeared at Omax  365 nm. The photostationary 
state (PSS) was reached in approximately 1.5 h, followed by a thermal helix inversion 
process (less-stable 3’ax to stable 3eq) induced by heating to 140°C. The process was 
monitored by the absorbance at 287 nm, and the system returned to the original state upon 
thermal isomerization (Figure 5b). Following the thermal processes at high temperature 
with the UV/Vis measurement are complicated due to the problems with solvent 
evaporation. To determine the activation energy ('
‡G°) and the half-life (t1/2) of the motor 3 
high temperature UV/Vis spectroscopic measurements are required in order to acquire the  
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data to perform Eyring calculations. Therefore we did not perform this measurement for 
molecule 3. However, another technique such as 
1H NMR measurement at high temperature 
can be applied to obtain the '
‡G° and t1/2 values.     
 
Figure 5. Monitoring of photochemical and thermal isomerization behavior of a 
molecular motor 3. (a) UV/Vis spectra of racemic 3eq in dodecane before (
__) and after (
….) 
irradiation to less-stable 3’ax. (b) UV/Vis absorption change due to thermal helix inversion 
process followed at 287 nm of less-stable 3’ax back to stable 3eq at 140°C (
__) and fit of the 
exponential decay (
….).  
In order to get further data for molecule 3, we have studied its photochemical behavior 
followed by 
1H NMR analysis. 
1H NMR spectroscopy is a useful technique for monitoring 
the progress of the photochemical and thermal isomerization processes. 
1H NMR analysis 
of the photochemical step indicated that for the conversion of stable 3eq to less-stable 3’ax in 
chloroform-d1 a photostationary state (PSS) with 25% of stable 3eq and 75% of less-stable 
3’ax was reached in 3 h. Distinctive features in the 
1H NMR spectra are the up-field shift of 
the protons a and b in the aromatic region due to the shielding effect by fluorene moiety 
lower-half, two absorption peaks corresponding to the stable isomer 3eq (G 6.20 and 6.65 
ppm) (Figure 6a) and two signals, corresponding to the less-stable isomer 3’ax, appear at 
5.70 and 6.50 ppm (Figure 6b). After irradiation, the new signals at 3.05 and 3.16 ppm 
(Figure 6b) corresponding to the less-stable isomer 3’ax  are attributed to two methyl groups 
of amide moiety (6 protons) which can be compared to the two corresponding signals 
before irradiation observed for stable 3eq (at 3.00 and 3.10 ppm) (Figure 6a and c). In 
addition, two absorption signals at 3.20 ppm (one proton from a E-position of the amide Reversing the Direction in Light-Driven Rotary Molecular Motors 
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moiety) and 4.50 ppm (one proton from an D-position and another one from a E-position) 
shifted to 4.65 ppm (D-proton), 3.90 and 3.75 ppm (two protons from E-position) after the 
irradiation process (Figure 6b).  
 
Figure 6. 
1H NMR spectra of racemic molecular motor 3eq were obtained in CDCl3 and 
correspond to stable 3eq before irradiation (a), to a mixture of stable 3eq and less stable 3’ax 
after photoisomerization (b) and to stable 3eq obtained after thermal helix inversion (c). 
After reaching the PSS, the thermal isomerization was performed by heating the 
irradiated sample to 130°C in p-xylene for 6 h. Analysis of the 
1H NMR spectrum of 
molecular motor 3 after thermal helix inversion showed the low-field shift of two protons in 
the aromatic region from G 5.70 and 6.50 ppm (the less-stable isomer 3’ax) to 6.20 and 6.65 
ppm (stable isomer 3eq) (Figure 6c). The ratio of stable (3eq)/less-stable (3’ax) isomers after 
thermal isomerization was 81:19.
22 These data showed unexpected results. Usually, the 
thermal helix inversion process from less-stable isomer would result in isomerization back 
to 100% stable isomer. We tried to prolongate the reaction time to 15 h at the same 
temperature (140°C) in p-xylene but the ratio of stable/less-stable was still the same around 
80:20. Repositioning of amide substituent could be responsible for this behavior, 
preventing completion of thermal helix inversion steps as we observed earlier with a methyl 
substituent at 3’-position.
15 To understand this behavior we have to obtain more kinetic data 
of the process. As was mentioned earlier, molecular motor 3 is not suitable for kinetic 
studies as it requires high temperature for the thermal process to occur (at least 120°C to get 
thermal isomerization). Furthermore, the preliminary results of base-catalyzed 
isomerization starting from a mixture of less-stable 3’ax/stable 3eq (70:30) (6.02×10
-3 M) 
revealed that this molecule does not undergo epimerization at room temperature (Table 1).  
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A variety of bases was examined but none did induce selective epimerization to get the 
stable 3eq.     
Table 1. Base-catalyzed epimerization of less-stable isomer (3’ax) to stable isomer (3eq) at 
room temperature.    
 
To summarize, the molecule 3 still behaves as a molecular motor except that the 
thermal isomerization process of less-stable 3’ to stable 3 is not completed because of a 
thermal equilibrium as observed for the substituent at 3’-position.
15 In addition, the concept 
of base-catalyzed epimerization for this molecular motor 3 does not work and moreover it 
is difficult to study base-catalyzed epimerization of molecular 3 as it still contains an 
amount of stable isomer (25-30%).
 
4.2.4   The synthesis of a reversible molecular motor 4 
Due to the drawbacks with thermal and base-induced isomerization processes observed 
for molecular motor 3, a new molecular motor 4 with thioxanthone lower-half, based on a 
previous molecular motor
15 was designed. For molecular motors 3 and 4 the same upper-
half 7 was employed. The hydrazone 8 was synthesized following the procedure shown in 
Scheme 4. Oxidation of compound 8 with iodobenzene diacetate,
 and then treating it in situ 
with thioketone 12
15 provided episulfide 13 in 55% yield. Reductive desulfurization of 13 
with PPh3 afforded the overcrowded alkene 4 as a racemic mixture of (3’S)-(M)-4 and 
(3’R)-(P)-4 in 92% yield (Scheme 5). Molecular motor 4 was characterized by 
1H and 
13C 
NMR spectroscopy and HRMS. The enantiomers were separated by chiral HPLC using a 
chiralcel AD column to provide (3’S)-(M)-4 and (3’R)-(P)-4. Reversing the Direction in Light-Driven Rotary Molecular Motors 
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Scheme 5. Synthesis of the reversible molecular motor 4. 
4.2.5   Photochemical and thermal-induced isomerizations of motor 4 
Initial studies on the dynamic behavior were performed on the stable isomer of the 
racemic motor 4eq (eq and ax denote pseudo-equatorial and pseudo-axial orientation of the 
amide group at the stereocentre, respectively) and the photochemical isomerization and 
thermal helix inversion processes were characterized by UV/Vis and 
1H NMR spectroscopy 
as described with molecular motor 3.  Photochemical isomerization of 4eq was carried out in 
dichloromethane by irradiation with UV light (Omax  312 nm, room temperature) for 40 
min (Figure 7). The change in UV/Vis absorption indicated the formation of the less-stable 
4’ax isomer while the isosbestic points at 300 and 318 nm indicated selective isomerization 
of 4eq to 4’ax. 
1H NMR analysis at intervals during the conversion of stable 4eq to less-stable 
4’ax in chloroform-d1 indicated that a photostationary state with 38% stable 4eq and 62% 
less-stable 4’ax was reached. Distinctive features in the 
1H NMR spectra are the up-field 
shift of the protons in the aliphatic region  from G 2.85 (Hc) and 4.74 (Ha) (for stable 4eq) to 
2.64 (Hc) and 4.35 (Ha) ppm (for less-stable 4’ax) due to increased shielding by the adjacent 
aromatic moieties present in the lower-half of the molecule (Figure 8a and b). In the 
aromatic region, two sets of absorptions, one set corresponding to the stable isomer 4eq (G 
6.46 and 6.80 ppm) decreased after the photoirradiation process meanwhile another set 
corresponding to the less-stable isomer 4’ax increased at 6.31 and 6.71 ppm (Figure 8b). In 
addition, the new signal at 3.1 ppm, corresponding to the less-stable isomer 4’ax, is 
attributed to two overlapping methyl groups of the amide moiety (6 protons) which are split 
to two absorption signals in case of stable 4eq (at 3.05 and 3.29 ppm).  
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Figure 7. UV/Vis absorption spectra of motor 4 were recorded in DCM. Spectra 
corresponding to initial racemic stable 4eq before irradiation (
__) and the less-stable 4’ax 
obtained after irradiation (
….). 
 
Figure 8. Monitoring of photochemical and thermal behavior of molecular motor 4. 
1H 
NMR spectra of racemic molecular motor 4eq were obtained in CDCl3 and correspond to 
stable  4eq before irradiation (a), to a mixture of stable 4eq and less stable 4’ax after 
photoisomerization (b) and to stable 4eq obtained after thermal helix inversion process (c) (a 
small amount of less-stable 4’ax can still be observed in spectrum c). Reversing the Direction in Light-Driven Rotary Molecular Motors 
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After reaching the PSS, the thermal helix inversion was performed by heating the 
irradiated sample to 80°C in 1,2-dichloroethane. Analysis of the 
1H NMR spectrum of 
molecular motor 4 after thermal helix inversion showed the low-field shift of the aliphatic 
protons from G 2.64 (Hc) and 4.35 (Ha) (for less-stable 4’ax) to 2.85 (Hc) and 4.74 (Ha) ppm 
(for stable 4eq) and two signals in the aromatic region changed from G 6.31 and 6.71 ppm 
(the less-stable isomer 4’ax)  to 6.46 and 6.80 ppm (stable isomer 4eq) (Figure 8c). The ratio 
of stable (4eq)/less-stable (4’ax) isomers after thermal isomerization determined by 
1H NMR 
spectroscopy was 81:19.  This indicates that the major energetically downhill ‘forward’ 
helix inversion (from less-stable to stable isomer, rate constant k1) and the minor 
energetically uphill ‘backward’ helix inversion (from stable to less-stable isomer, rate 
constant k2) are competing processes at elevated temperatures. 
As was the case of motor with a methyl substituent at the 3’ position,
15 the 
determination of kinetic parameters of the helix inversion from less-stable isomer to stable 
isomer was slightly more complicated compared to previous molecular motor systems with 
substitution at the 2’-position due to the fact that there is a competing minor backward 
thermal helix inversion under the experimental conditions used. In a similar 
1H NMR 
measurement to that described above, the thermal helix inversion step was proven by 
heating a mixture of less-stable 4’ax and stable motor 4eq (62: 38) at 80°C for 6 h after the 
process of irradiation, and also by heating pure stable motor 4eq at 80°C for 6 h. In both 
cases, a ratio of the stable 4eq to less-stable motor 4’ax of 81:19 was observed (Scheme 6).  
 
Scheme 6. Thermal helix inversion pathways of the molecular motor 4. 
From this data we have determined and assigned k1  for the energetically downhill 
‘forward’ helix inversion (from less-stable to stable) rate and k2 for the energetically uphill 
‘backward’ helix inversion (from stable to less-stable) rate. Certainly, these rate constants 
are related through the equilibrium constant (K= k1/k2) (Scheme 6).
23 
A minor backward thermal helix inversion has recently also been observed for a few 
other motors and the consequences for the unidirectional nature of the overall motor 
function expressed in a mathematical model.
24 The present system shows similar behavior 
and the competing minor backward helix inversion is the consequence of the repositioning 
of the stereogenic centre and the relative high barrier for thermal isomerization. 
Nevertheless, in the thermal helix inversion steps, which govern the unidirectional nature of 
the overall rotary motion, there is a large preference for the forward (energetically 
downhill) direction allowing a major unidirectional rotary motion. Despite the fact that the 
rotor part does not undergo exclusive rotation in one direction relative to the stator part, it is  
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still able to function as a molecular motor, albeit not with full unidirectionality. A detailed 
kinetic study of the thermal helix inversion of the pure less-stable 4’ax was performed using 
1H NMR spectroscopy in DMSO-d6 at 4 different temperatures (Figure 9). 
 
Figure 9. (a) 
1H NMR measured kinetic data (in DMSO) for thermal helix inversion step of 
molecular motor 4 at four different temperatures (conversion in time of mole fraction). (b) 
Arrhenius plot based on 
1H NMR data at different temperatures.  
Analysis of kinetic data obtained for the thermal isomerization processes of molecular 
motor 4 by 
1H NMR spectroscopy starting from pure less-stable 4’ax revealed the value of 
rate constants k1 and k2 and the ratio of less-stable to stable isomers (Table 2). 
Table 2. The equilibrium constant (K) between stable isomer (4eq) and less-stable isomer 
(4’ax) at different temperatures.  
 
The two different pathways associated with forward and backward isomerization give 
an indication of the relative stability of the two isomers. As the temperature is decreased, 
the preference for the favored direction (isomerization from less-stable to stable isomer) 
increases; but the rate-limiting thermal isomerization occurs more slowly. From the thermal 
isomerization experiments, we found that the Gibbs free energy change is 107.9 kJ mol
-1 for 
the energetically downhill isomerization of less-stable 4’ax to stable 4eq and ('
‡G°) 120.1 
kJ·mol
-1 for the energetically uphill isomerization of stable 4eq  to less-stable 4’ax. By Reversing the Direction in Light-Driven Rotary Molecular Motors 
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extrapolation from this data, the half-life (t1/2) at room temperature of the less-stable 4’ax to 
stable 4eq was calculated to be 22 days.  
4.2.6   Base-catalyzed epimerization of a reversible molecular motor 4 
After irradiation of racemic motor 4 (dichloromethane, rt, Ȝ  312 nm), the mixture of 
the less-stable isomer 4’ax and the stable isomer 4eq was separated by column 
chromatography (in case of molecular motor 3, we were not able to separate the less-stable 
isomer from the stable isomer). A racemic mixture of pure less-stable isomer 4’ax (5.05×10
-
3 M) was stirred with a variety of bases and solvents during 3-72 h at rt, yielding mixtures 
of stable and less-stable 4 (Table 3). 
Table 3. Base-catalyzed epimerization of less-stable isomer (4’ax) to stable isomer (4eq) at 
rt. 
 
Initial base-catalyzed epimerization studies were performed with the less-stable form 
4’ax of racemic molecular motor 4 isolated by chromatography. In order to establish the 
optimal epimerization conditions several base/solvent systems were tested. While no 
epimerization of motor 4 was observed using DBU/Toluene, employing the stronger base 
LDA in THF at -78
oC was less suitable due to competing side product formation (oxidized 
product). The use of NaOMe/MeOH or t-BuOK/DCM/t-BuOH resulted in epimerization 
(DCM was added due to low solubility of motor in t-BuOH). In these cases we also 
observed an enhancement of the epimerization by increasing the base loading from 1 eq to 
10 eq. These results indicate that the rate of the key epimerization step is dependent both on 
basicity of the reagent and its concentration while the choice of solvent is also an important 
parameter. Using 5 eq. of t-PentONa/t-PentOH, which has a comparable basicity than t-
BuOK, resulted in a more effective and faster epimerization providing a ratio of less-stable 
4’ax and stable 4eq as high as 8:92 (15 h). In order to reduce the time required for complete 
epimerization we have also used crown ether in combination with t-PentONa resulting in  
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52% epimerization in 3 h. The clear difference in epimerization using t-BuOK/t-BuOH and 
t-PentONa/t-PentOH is due to a higher solubility of the motor molecule in tert-pentanol 
compare to tert-butanol. In this way one can avoid the addition of DCM to the reaction 
system which causes a decrease in the epimerization rate. The optimal conditions found for 
the epimerization involve treatment with sodium tert-pentoxide (1 eq.) in tert-amyl alcohol 
resulting in the formation of 91% of stable 4eq starting from 100% of less-stable 4’ax. 
 
Figure 10. Monitoring of base-catalyzed epimerization process. The formation of the 
stable form of racemic molecular motor 4eq by base-catalyzed epimerization of less-stable 
4’ax was followed by 
1H NMR spectroscopy at rt. (a) 
1H NMR spectrum of less-stable 
molecular motor 4’ax in CDCl3 before performing epimerization. (b) 
1H NMR spectrum of 
stable molecular motor 4eq in CDCl3 formed after base-catalyzed epimerization. 
The base-mediated epimerization of less-stable 4’ax was followed by 
1H NMR 
spectroscopy (Figure 10) at room temperature and the data were compared with those 
obtained from the thermal helix inversion of less-stable 4’ax at 80°C. As expected, 
1H NMR 
spectra for the stable 4eq isomers obtained from both processes are identical and, in 
addition, significantly different from the spectrum of less-stable 4’ax. The formation of a 
stable form of molecular motor 4 by base-catalyzed epimerization was confirmed by the 
significant low-field shift of both aromatic and aliphatic protons of the upper-half (Figure 
10). The observed changes in the 
1H NMR spectrum were in accordance with those 
observed after thermal helix inversion of less-stable 1’ax (Figure 8c). 
4.2.7   Controlling the rotary process: photochemical, thermal, and base-
catalyzed isomerization of a reversible molecular motor 4 
In order to unambiguously distinguish between both the thermal helix inversion and 
base-catalyzed epimerization processes, we performed additional studies throughout the 
rotary cycle of molecular motor 4 using enantiopure (3’S)-(M)-4. For molecular motor 4, Reversing the Direction in Light-Driven Rotary Molecular Motors 
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with a symmetric lower half, only four stereoisomers [(3’S)-(M)-4, (3’S)-(P)-4’, (3’R)-(P)-4 
and (3’R)-(M)-4’] are involved in the four-step rotary process (Scheme 7). 
 
Scheme 7. Schematic representation of controlled clockwise and counterclockwise 
rotary cycle of molecular motor 4 using different triggers. (a) The clockwise rotation is 
initiated by light-induced isomerization of stable (3’S)-(M)-4  to less-stable (3’S)-(P)-4’ 
(step 1) followed by thermal isomerization to stable (3’S)-(M)-4 (step 2). Full clockwise 
rotation is achieved  via further consecutive photochemical (step 3) and thermal 
isomerization steps (step 4). (b) In order to induce counterclockwise rotation of the same 
molecule, the rotary cycle must be initiated from the  opposite enantiomer of initial 
molecular motor. Opposite enantiomer can be obtained by base-catalyzed epimerization of 
less-stable (3’S)-(P)-4’ (step 5) to stable (3’R)-(P)-4. At this point full counterclockwise 
rotation of stable motor (3’R)-(P)-4 (steps 1’-4’) proceeds analogously to the clockwise 
rotation steps. Similarly, in order to switch back from the counterclockwise to the 
clockwise rotation mode, base-catalyzed isomerization must be applied to less-stable (3’R)-
(M)-4’ to afford stable (3’S)-(M)-4 (step 5’). 
Starting from (3’S)-(M)-4, it was anticipated that irradiation would result in the 
formation of the less-stable isomer (3’S)-(P)-4’ (step 1). Heating would then initiate the 
thermal helix inversion, regenerating stable (3’S)-(M)-4 after 180° of the rotary cycle (step 
2). A second irradiation (step 3) and subsequent heating (step 4), identical to steps 1 and 2, 
respectively, will result in a full 360° clockwise rotation of the upper-half of the molecule 
respect to the lower half. If a base-catalyzed isomerization (step 5) is employed instead of 
thermal relaxation (step 4)  then the rotation will reverse in direction and the stable (3’R)-
(P)-4 isomer will be generated from less-stable (3’S)-(P)-4’  through the base-catalyzed 
epimerization (step 5) (Scheme 7a). 
In another cycle, starting from stable (3’R)-(P)-4, irradiation will give the less-stable 
(3’R)-(M)-4’ (step 1’) and by thermal relaxation, stable (3’R)-(P)-4 will be formed again 
(step 2’). Subsequent irradiation (step 3’) and heating (step 4’) will complete a 360
° 
counterclockwise rotation. If a base-catalyzed isomerization (step 5’) is employed instead  
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of thermal relaxation (step 4’)  then the rotation will reverse in direction going from less-
stable (3’R)-(M)-4’ (counterclockwise rotary cycle) to stable (3’S)-(M)-4 (clockwise rotary 
cycle) again (Scheme 7). 
Each step of the rotary cycle was monitored by both CD spectroscopy (Figure 11a) and 
analytical chiral HPLC (Figure 11b) in order to differentiate between the thermal and base-
catalyzed isomerization processes. 
 
Figure 11.  Characterization of various stages of full rotation cycle comprising 
photochemical, thermal and base catalyzed isomerization steps. Clockwise and 
counterclockwise rotary cycles of enantiopure molecular motor 4 are demonstrated using 
both circular dichroism (CD) and analytical chiral HPLC. CD spectra (a) and chiral HPLC 
chromatograms (b) of motor of 4 were recorded in heptane at rt for both enantiomers (3’S)-
(M)-4 (left picture a, b) and (3’R)-(P)-4 (right picture a, b). Reversing the Direction in Light-Driven Rotary Molecular Motors 
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CD-spectra of the stable isomer (3’S)-(M)-4 in heptane at room temperature showed a 
positive Cotton effect at 322 nm (Figure 11a, left). This sample was irradiated with 312 nm 
light and the CD spectra of the PSS mixture was recorded showing  a negative Cotton effect 
at 316 nm corresponding to the less-stable (3'S)-(P)-4' isomer (clockwise 360° rotation). 
Heating the solution at 80°C and subsequent cooling restored the original CD-signal of 
stable (3’S)-(M)-4, as anticipated. By contrast stirring of the less-stable (3’S)-(P)-4’ with 
sodium tert-pentoxide in amyl alcohol at room temperature resulted in formation of the 
stable (3'R)-(P)-4 (first negative Cotton effect at 320 nm). Compared to the large changes in 
the CD spectra during the thermal helix inversion process showing an inversion from 
negative to positive Cotton effect (at 320 nm), these results indicates that the inversion of 
the configuration at 3’-position from (3'S)-(P)-4'  to (3'R)-(P)-4  results  only in a small 
change in the CD-spectra around 248 nm maintaining the distinctive negative Cotton effect 
at 320 nm. In similar experiments starting with the stable enantiomer (3'R)-(P)-4, the CD-
spectra showed analogous changes (counterclockwise 360º rotation) (Figure 11a, right).  
The HPLC chromatograms of both the (3’S)-(M)-4 and (3’R)-(P)-4 enantiomers are 
shown in Figure 11b. Starting from the clockwise rotary cycle shown in Figure 11b (left) 
irradiation of pure (3’S)-(M)-4  (retention time: 8.18 min) (Figure 11, b1) led to the 
formation of less-stable (3’S)-(P)-4’ (retention time: 8.97 min) (Figure 11, b2) accompanied 
by a concomitant decrease of the initial amount of stable (3’S)-(M)-4. This was followed by 
the thermal process which resulted in an increase of the amount of stable (3’S)-(M)-4 and 
decrease of (3’S)-(P)-4’ (Figure 11, b3). Conversely, the reaction of less-stable (3’S)-(P)-4’ 
with sodium tert-pentoxide resulted in an increase of a new peak (Figure 11, b4, retention 
time: 11.59 min) of  the stable (3’R)-(P)-4, corresponding to an enantiomer of (3’S)-(M)-4. 
Similarly, the counterclockwise rotary cycle shown in the Scheme 7b can be followed 
from the stable isomer (3’R)-(P)-4 (Figure 11, b5-b8). For instance continued irradiation 
lead to an increase in the amount (by HPLC) of less-stable (3’R)-(M)-4’ (retention time: 
7.06 min) (Figure 11, b6) associated with the photochemical step and an increase of new 
peak of stable (3’S)-(M)-4 (retention time: 8.05 min) (Figure 11, b8) as a result of the base-
catalyzed epimerization step. 
Table 4. The CD data and HPLC retention time of both clockwise and counterclockwise 
rotary cycles of a reversible molecular motor 4. 
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The CD spectroscopic data and the retention times for HPLC resolved peaks are 
summarized in Table 4. The different values observed in the retention time of stable 
isomers 4 from base-catalyzed isomerization (entry 3 and 6) from initial stable isomers 
(entry 1 and 4) are within the error values (0.17-0.43 min) due to slight different 
concentration of samples. However, from the other techniques (TLC, 
1H NMR and CD 
spectroscopic analysis), these results confirmed the photochemical, thermal inversion and 
base-catalyzed epimerization processes of molecular motor 4. 
4.3   Conclusions 
In summary, it has been showed that two molecular motors 3 and 4, with different 
stator lower-halves, can be prepared conveniently using a Barton-Kellogg coupling reaction 
as a key step. Molecular motor 4 has been used to demonstrate that the control of the rotary 
motion in both forward and reversed directions of rotation can be achieved.
25 It was shown 
that light-driven unidirectional rotation can be reversed by base-catalyzed epimerization 
after the photochemical isomerization step, allowing clockwise or counterclockwise 
rotation depending on the initial trigger employed. The ability to change the directionality 
was established by different techniques (
1H NMR, UV/Vis, CD and HPLC). These 
experiments demonstrate how the various distinct stereochemical features introduced in the 
design of the system and the subtle interplay of photochemically driven energetically uphill 
isomerization and thermal or base-catalyzed energetically downhill isomerisation can be 
exploited to govern directionality of rotary motion during a four stage 360º rotation cycle. 
The stage is now set to couple the change in directionality to the modulation of a specific 
function and to explore the adaptive mechanical behaviour, for instance to a pH change, in 
multifunctional systems driven kinetically by the molecular motor. 
4.4   Experimental Section 
For information regarding synthesis and characterization and general experimental details, 
see Chapter 2. HPLC analyses were performed on a Waters HPLC system equipped with a 
600E solvent delivery system and a 996 Photodiode Array Detector with a Chiralcel AD 
(Diacel) column. Preparative HPLC was performed on a preparative Gilson HPLC system 
consisting of a 231XL sampling injector, a 306 (10SC) pump, an 811C dynamic mixer, an 
805 manometric module, with a 119 UV/VIS detector and a 202 fraction collector, using 
the (chiral) columns as indicated. 
General procedure for light-induced isomerisation process. A 0.27 M solution of 
racemate 4eq (typically 126 mg in ca. 10 ml) in CH2Cl2 (Uvasol) was irradiated for 40 min 
at rt with an ENB-280C/FE lamp at O  312 nm. After irradiation, TLC analysis indicated 
the conversion of (±)-stable 4eq to (±)-less-stable 4’ax. Column chromatography (silica gel; 
ethyl acetate: pentane = 15:85, Rf= 0.47) allowed separation of (±)-less-stable 4’ax (70 mg, 
56%) from (±)-stable 4eq, to provide a yellow solid of racemate 4’ax. Reversing the Direction in Light-Driven Rotary Molecular Motors 
 
149 
 
 
General procedure for thermal helix inversion process. A solution of the racemate 4’ax 
(typically 20 mg in ca. 3 ml) in 1,2-dichloroethane was heated at 80°C (oil-bath) for 6 h. 
After cooling to room temperature the solvent was concentrated in vacuo giving the mixture 
of the stable and the less-stable 4 with the ratio of (±)-stable 4eq to the (±)-less-stable 4’ax 
(ca. 80:20). 
Procedure for base epimerization process. Less-stable (±)-4’ax (5.05×10
-3 M) was stirred 
with t-PentONa (1.0 equiv.) in t-PentOH (typically ca. 3 ml) over 15 h at rt, yielding a 
mixture of stable 4 and less-stable 4 (91:9 ratio). 
CD and HPLC monitoring of the rotary cycle. All photochemical experiments were 
carried out using a Spectroline model ENB-280C/FE lamp at O = 312 nm, ± 30 nm. For 
analytical HPLC and CD analysis, samples irradiated were placed 2-3 cm from the lamp. 
Both stable enantiopure of (3’S)-(M)-4 (1 mg) and (3’R)-(P)-4 (1 mg) were dissolved in 1 
mL of heptane and then irradiated at O  312 nm for 40 min. For the thermal helix inversion 
process in both cases samples of less-stable (3’S)-(P)-4’or less-stable (3’R)-(M)-4’ were 
heated at 80ºC for 6 h. For the base-catalyzed epimerization process, stable (3’S)-(M)-4 (1 
mg) or (3’R)-(P)-4 (1 mg) in 1 mL of heptane were irradiated at O  312 nm for 40 min and 
then concentrated in vacuo to give a mixture of less-stable 4’ and stable 4.  The sample was 
dissolved in 0.5 ml of tert-amyl alcohol and after 0.7 mg of sodium tert-pentoxide was 
added, the mixture was stirred for 15 h at rt. The mixture was filtrated through SiO2 and 
concentrated in vacuo to provide the samples for analytical HPLC. 
Characterization of stable molecular motor 4 with preparative HPLC 
 
N,N-dimethyl-1-(9H-thioxanthen-9-ylidene)-2,3-dihydro-1H-benzo[f]thiochromene-3 
carboxamide  ((3’S)-(M)-4  and (3’R)-(P)-4).  After a racemic mixture of alkene 4 was 
obtained as a yellow solid, the resolution was completed by chiral HPLC using chiralcel 
AD column and a mixture of n-heptane:2-propanol (85:15) as the eluent. The first eluted 
fraction (t = 8.18 min) was assigned (3’S)-(M)-4 (CD (dichloromethane): Omax ('H) 244 (-
46.6), 280 (-97.1), 322 (+30.8), 346 (+29.7)) and the second fraction (t = 11.42 min) was 
(3’R)-(P)-1 (CD (dichloromethane): Omax ('H) 244 (+42.0), 282 (+94.6), 322 (-29.9), 346 (-
28.7)). The different stereoisomers were analyzed by CD spectroscopy in which (M)- and 
(P)-helicity could be assigned by comparison with related molecular motor.
15 
Synthesis of molecular motors 3 and 4. 
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3-Carboxyl-2,3-dihydro-1H-naphtho[2,1-b]thiopyran-1-one ( 6). A mixture of 
naphthalene-2-thiol (5) (6.00 g, 37.4 mmol) and maleic anhydride (3.67 g, 37.4 mmol) in 
toluene (180 mL) was stirred at 50
oC. After all of the material was dissolved, triethylamine 
(2 drops) in toluene (5 mL) was added over 10 min keeping the temperature below 70
oC. 
After stirring at 70
oC for 20 min, the solvent was concentrated under reduced pressure to 
provide crude 3-(naphthalen-2-ylthio)dihydrofuran-2,5-dione. The residue was dissolved in 
dichloromethane (150 mL) and the solution cooled with an ice bath. Aluminum trichloride 
(5.57 g, 41.9 mmol) was added and the mixture was stirred at rt for 1.5 h. The mixture was 
diluted in dichloromethane (150 mL) and poured into ice-cold conc HCl (30 mL). The 
organic layer was separated, and the aqueous layer was extracted several times with 
dichloromethane. The combined organic extract was washed with water (2×200 mL), 
aqueous sodium bicarbonate (200 mL), brine (200 mL), dried (Na2SO4) and concentrated in 
vacuo to give the crude product. Purification by column chromatography (silica gel; acetic 
acid: ethyl acetate: pentane = 5:25:70 as an eluent, Rf = 0.27) yielded acid 6 (6.47 g, 25.1 
mmol, 67 %) as a light yellow liquid.
 1H NMR (400 MHz, CDCl3) į 3.28-3.31 (m, 2H), 
4.18 (dd, J= 7.7, 5.1 Hz, 1H), 7.19 (d, J= 8.8 Hz, 1H), 7.42 (dt, J= 7.0, 1.1 Hz, 1H), 7.58 
(dt, J= 7.0, 1.8 Hz, 1H), 7.68 (dd, J= 8.4, 1.5 Hz, 1H), 7.74 (d, J= 8.4 Hz, 1H), 9.16 (d, J= 
8.8 Hz, 1H), 11.14 (br s, 1H); 
13C NMR (100 MHz, CDCl3) į 41.9 (CH), 42.8 (CH2), 124.8 
(CH), 125.0 (C), 126.1 (CH), 126.26 (CH), 128.49 (CH), 129.5 (CH), 132.1 (C), 132.2 (C), 
134.4 (CH), 141.5 (C), 174.7 (C), 194.1 (C); IR (Neat): Ȟmax (cm
-1) = 3060 (acid O-H), 2923 
(CH2), 2890 (CH), 1696 (br, acid C=O), 1663 (C=O), 1585 (Ar C=C), 1200 (C-CO-C); EI 
MS:  m/z (%): 258 (73.1, M
+), 186 (100, [M- CH2CHC(O)OH]
+), 158 (27.8, [M- 
C(O)CH2CHC(O)OH]
+); HRMS (EI): m/z calcd for C14H10O3S: 258.0351, found 258.0348. 
 
N,N-Dimethyl-3-carboxamide-2,3-dihydro-1H-naphtho[2,1-b]thiopyran-1-one ( 7). 1-
[3-(Dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride (7.58 g, 39.5 mmol) and 
N,N-diisopropylethylamine (4.87 mL, 27.9 mmol) were added to an ice-cold solution of 
dimethylamine hydrochloride (2.28 g, 27.9 mmol), acid 6 (6.00 g, 23.3 mmol), and 1-
hydroxybenzotriazole (3.77 g, 27.9 mmol) in dichloromethane (150 mL). The mixture was 
stirred for 18 h at rt. The solvent was evaporated under reduced pressure, and the remaining 
slurry was diluted with ethyl acetate (200 mL). The resultant organic solution was washed 
with ice-cold water (200 mL), aqueous ammonium chloride (200 mL), and aqueous sodium 
bicarbonate (200 mL), brine (200 mL), dried (Na2SO4) and concentrated in vacuo. The 
residue was purified by flash chromatography on silica gel (ethyl acetate: pentane = 1:4 as 
an eluent, Rf = 0.38) to afford the amide 7 as a yellow foam (5.50 g, 19.3 mmol, 83%); mp 
171.9-172.0qC. 
1H NMR (400 MHz, CDCl3) į 2.98 (s, 3H), 3.15 (s, 3H), 3.17 (dd, J= 16.5, 
3.7 Hz, 1H), 3.42 (dd, J= 16.5, 9.5 Hz, 1H), 4.44 (dd, J= 9.5, 3.7 Hz, 1H), 7.24 (dt, J= 8.4, Reversing the Direction in Light-Driven Rotary Molecular Motors 
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2.2 Hz, 1H), 7.44 (dt, J= 8.0, 1.0 Hz, 1H), 7.60 (dt, J= 8.8, 1.5 Hz, 1H), 7.74 (d, J= 8.0 Hz, 
1H), 7.80 (dd, J= 8.4, 1.1 Hz, 1H), 9.27 (d, J= 8.8 Hz, 1H); 
13C NMR (100 MHz, CDCl3) į 
36.2 (CH3), 37.6 (CH3), 40.2 (CH), 44.0 (CH2), 124.9 (CH), 125.3 (C), 125.9 (CH), 126.4 
(CH), 128.4 (CH), 129.3 (CH), 132.1 (C), 132.2 (C), 133.9 (CH), 141.2 (C), 167.9 (C), 
195.4 (C); IR (Neat): Ȟmax (cm
-1) = 2931 (CH2), 2904 (CH), 1634 (amide C=O), 1593 (Ar 
C=C), 1214 (C-CO-C), 671 (OCN); EI MS: m/z (%): 285 (100, M
+), 213 (26.1); HRMS 
(EI): m/z calcd for C16H15O2NS: 285.0896, found 285.0892. 
 
N,N-Dimethyl-3-carboxamide-2,3-dihydro-1H-naphtho[2,1-b]thiopyran-1-one 
hydrazone (8). To a solution of amide 7 (1.00 g, 3.50 mmol) in ethanol (15 mL) was added 
hydrazine monohydrate (1.0 mL, 21.1 mmol). The solution was heated to 80
oC for 4 h and 
then allowed to cool to rt. Water (30 mL) was added, and the mixture was extracted with 
ethyl acetate (3×50 mL), the organic layers were combined, washed with brine (150 mL), 
dried (Na2SO4) and concentrated in vacuo. The residue was purified by column 
chromatography (silica gel; methanol: t-butyl methyl ether: dichloromethane = 5:15:80 as 
an eluent, Rf = 0.26) to yield one isomer of the hydrazone 8 as a yellow foam (0.58 g, 1.93 
mmol, 55%). 
1H NMR (400 MHz, CDCl3) į 3.00 (s, 3H), 3.03 (dd, J= 6.6, 4.4 Hz, 1H), 
3.14 (s, 3H), 3.47 (dd, J= 10.3, 6.6 Hz, 1H), 4.10 (dd, J= 10.3, 4.4 Hz, 1H), 5.77 (br s, 2H), 
7.31 (d, J= 8.8 Hz, 1H), 7.40 (dt, J= 7.0, 1.1 Hz, 1H), 7.48 (dt, J= 7.3, 1.1 Hz, 1H), 7.63 (d, 
J= 8.4 Hz, 1H), 7.74 (d, J= 8.1 Hz, 1H), 8.71 (d, J= 8.8 Hz, 1H); 
13C NMR (100 MHz, 
CDCl3) į 32.5 (CH2), 36.2 (CH3), 37.7 (CH3), 42.5 (CH), 125.5 (CH), 126.1 (CH), 126.7 
(CH), 127.0 (CH), 128.1 (CH), 128.2 (CH), 130.4 (C), 131.2 (C), 132.7 (C), 133.3 (C), 
144.9 (C), 168.7 (C); IR (Neat): Ȟmax (cm
-1) = 3049 (N-H), 2922 (CH2), 2852 (CH), 1644 
(amide C=O), 1589 (Ar C=C); EI MS: m/z (%): 299 (49.4, M
+), 238 (72.7), 227 (100), 210 
(50.3); HRMS (EI): m/z calcd for C16H17ON3S: 299.1092, found 299.1093. 
 
1-(9H-fluoren-9-ylidene)-N,N-dimethyl-2,3-dihydro-1H-benzo[f]thiochromene-3-
carboxamide (3). A solution of hydrazone (8) (0.45 g, 1.5 mmol) in DMF (10 mL) was 
cooled to -50
oC and iodobenzene diacetate (0.49 g, 1.5 mmol) in DMF (3 mL) was added. 
After stirring for approximately 5 min to generate diazo compound 9, a solution of 9H-
fluorene-9-thione
20 (10) (0.35 g, 1.8 mmol) in DMF (5 mL) was added and the cooling bath 
removed after 1 h. The reaction mixture was left stirring at rt for 5 h. Ethyl acetate (50 mL) 
was added and the mixture was washed with water (3×50 mL) and, brine (150 mL), dried 
(Na2SO4) and concentrated in vacuo to give the crude product. Column chromatography 
(silica gel; ethyl acetate: pentane = 15:85 as an eluent, Rf = 0.53) provided a mixture of 
episulfide 11 and overcrowded alkene 3 as a light yellow oil. A solution of this mixture (3 
and 11) was heated at 80°C in p-xylene (10 mL) in the presence of PPh3 (0.47 g, 1.8 mmol)  
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overnight. After cooling to rt, the p-xylene was removed under reduced pressure and the 
remaining oil was purified by column chromatography (silica gel; ethyl acetate: pentane = 
15:85, Rf = 0.52) after which a racemic mixture of alkene 3 was obtained as a yellow oil 
(0.35 g, 0.81 mmol, 54 %). 
1H NMR (400 MHz, CDCl3) į 3.01 (s, 3H), 3.08 (s, 3H), 3.21 
(dd, J = 12.8, 10.1 Hz, 1H), 4.47 (ddd, J = 16.5, 11.4, 6.4 Hz, 2H), 6.20 (d, J = 8.0 Hz, 1H), 
6.63 (t, J = 7.7 Hz, 1H), 7.11 (t, J = 7.0 Hz, 1H), 7.21-7.25 (m, 1H), 7.35-7.45 (m, 4H), 
7.65 (d, J = 7.6 Hz, 1H), 7.80-7.84 (m, 3H), 7.89 (d, J = 8.5 Hz, 1H), 8.16 (d, J = 7.5 Hz, 
1H); 
13C NMR (100 MHz, CDCl3) į 34.3 (CH2), 36.3 (CH3), 37.5 (CH3), 41.1 (CH), 118.9 
(CH), 119.8 (CH), 124.8 (CH), 124.9 (CH), 125.4 (CH), 125.5 (CH), 126.5 (CH), 126.8 
(CH), 127.16 (CH), 127.2 (CH), 127.5 (CH), 128.1 (CH), 128.3 (CH), 129.0 (CH), 130.2 
(C), 130.9 (C), 131.8 (C), 135.1 (C), 136.4 (C), 137.1 (C), 137.7 (C), 138.0 (C), 139.6 (C), 
141.4 (C), 170.0 (C); EI MS: m/z (%): 433 (100, M
+), 361 (23.7); HRMS (EI): m/z calcd for 
C29H23NOS: 433.1500, found 433.1514. 
 
Dispiro[N,N-dimethyl-3-carboxamide-2,3-dihydro-1H-naphtho[2,1-b]-thiopyran-1,2’-
thiirane-3’,9’’-(9’’H-thioxanthene)] (13). A solution of hydrazone (8) (0.55 g, 1.8 mmol) 
in DMF (10 mL) was cooled to -50
oC and iodobenzene diacetate (0.59 g, 1.8 mmol) in 
DMF (2 mL) was added. After stirring for approximately 3 min to generate diazo 
compound 9, a solution of 9H-thioxanthene-9-thione (12) (0.331 g, 1.45 mmol) in DMF (5 
mL) was added and the cooling bath removed. The reaction mixture was left stirring at rt 
for 5 h. Additional ethyl acetate (50 mL) was added and the mixture was washed with water 
(5×50 mL) and, brine (150 mL), dried (Na2SO4) and concentrated in vacuo to give the 
crude product. Column chromatography (silica gel; ethyl acetate: pentane = 1:4 as an 
eluent, Rf = 0.45) provided episulfide 13 (0.50 g, 1.0 mmol, 55 %) as a light yellow oil. 
1H 
NMR (400 MHz, CDCl3) į 2.41 (dd, J= 13.6, 7.7 Hz, 1H), 2.68 (s, 3H), 2.80 (s, 3H), 3.15 
(dd, J= 13.6, 9.9 Hz, 1H), 3.41 (dd, J= 10.3, 8.1 Hz, 1H), 6.35 (t, J= 7.3 Hz, 1H), 6.76 (t, J= 
7.3 Hz, 1H), 6.93 (d, J= 8.4 Hz, 1H), 7.04 (d, J= 7.7 Hz, 1H), 7.11 (d, J= 8.1 Hz, 1H), 7.31-
7.37 (m, 4H), 7.45-7.47 (m, 1H), 7.51 (t, J= 7.0 Hz, 1H), 7.56 (d, J= 8.1 Hz, 1H), 8.10-8.12 
(m, 1H), 9.18 (d, J= 8.8 Hz, 1H); 
13C NMR (100 MHz, CDCl3) į 36.1 (CH3), 36.9 (CH3), 
38.4 (CH2), 38.7 (CH), 58.1 (C), 59.2 (C), 123.3 (CH), 124.3 (CH), 124.9 (CH), 125.3 
(CH), 125.3 (CH), 125.7 (CH), 126.2 (CH), 126.7 (CH), 127.7 (CH), 127.9 (CH), 128.2 
(C), 128.3 (CH), 129.8 (CH), 131.0 (C), 131.18 (CH), 131.20 (C), 131.5 (CH), 132.3 (C), 
133.1 (C), 133.2 (C), 134.0 (C), 136.2 (C), 170.0 (C); IR (Neat): Ȟmax (cm
-1) = 2909 (CH2), 
2842 (CH), 1654 (amide C=O), 1582 (Ar C=C), 1455 (Ar C=C), 734 (Ar C-H 
deformation); EI MS: m/z (%): 497 (63.6, M
+), 463 (100), 269 (33.3); HRMS (EI): m/z 
calcd for C29H23ONS3: 497.1015, found 497.1024. Reversing the Direction in Light-Driven Rotary Molecular Motors 
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N,N-dimethyl-1-(9H-thioxanthen-9-ylidene)-2,3-dihydro-1H-benzo[f]thiochromene-3 
carboxamide (4). A solution of episulfide (13) (258 mg, 0.52 mmol) was heated at 80°C in 
p-xylene (5 mL) in the presence of triphenylphosphine (163 mg, 0.62 mmol) for 12 h. After 
cooling to rt, the p-xylene was removed under reduced pressure and the remaining oil was 
purified by column chromatography (silica gel; ethyl acetate: pentane = 1:4, Rf = 0.42) after 
which a racemic mixture of alkene 4 was obtained as a yellow solid (222 mg, 0.48 mmol, 
92 %); mp 220-221°C.
 1H NMR (400 MHz, CDCl3) į 2.83 (dd, J= 12.9, 10.6 Hz, 1H), 3.05 
(s, 3H), 3.29 (s, 3H), 3.51 (dd, J= 13.2, 7.7 Hz, 1H), 4.72 (dd, J= 10.6, 7.7 Hz, 1H), 6.46-
6.55 (m, 2H), 6.80 (dt, J= 7.7, 1.5 Hz, 1H), 7.05 (dt, J= 7.0, 1.5 Hz, 1H), 7.16 (dt, J= 7.0, 
1.1 Hz, 1H), 7.30-7.40 (m, 4H), 7.55-7.65 (m, 5H); 
13C NMR (100 MHz, CDCl3) į 32.6 
(CH2), 36.5 (CH3), 37.6 (CH3), 43.5 (CH), 124.6 (CH), 124.9 (CH), 125.5 (CH), 125.88 
(CH), 125.90 (CH), 126.2 (CH), 126.3 (CH), 126.5 (CH), 126.9 (CH), 127.0 (CH), 127.6 
(CH), 127.7 (CH), 128.1 (CH), 128.2 (C), 129.1 (CH), 131.92 (C), 131.93 (C), 132.0 (C), 
133.9 (C), 134.5 (C), 135.4 (C), 135.6 (C), 136.6 (C), 137.7 (C), 170.4 (C); IR (Neat): Ȟmax 
(cm
-1) = 2918 (CH2), 2847 (CH), 1646 (R1R2C=CR3R4), 1430 (Ar C=C), 740 (Ar C-H 
deformation); EI MS: m/z (%): 465 (96.0, M
+), 392 (36.0), 306 (48.0), 197 (100); HRMS 
(EI): m/z calcd for C29H23ONS2: 465.1221, found 465.1190. 
 
N,N-dimethyl-1-(9H-thioxanthen-9-ylidene)-2,3-dihydro-1H-benzo[f]thiochromene-3 
carboxamide (less-stable 4’). A solution of racemic mixture of stable 4 (126 mg, 0.270 
mmol) in dichloromethane (10 mL) was irradiated for 40 min at rt with an ENB-280C/FE 
lamp at O  312 nm. After irradiation, TLC analysis indicated the conversion of (±)-stable 4 
to the (±)-less-stable 4’ ((3’S)-(P)-4’ and (3’R)-(M)-4’). Column chromatography (silica 
gel; ethyl acetate: pentane = 15:85, Rf= 0.47) allowed separation of the (±)-less-stable 4’ 
(70 mg, 0.15 mmol, 56%) from the (±)-stable 4, to provide a yellow solid; mp 168.0-
168.5qC. 
1H NMR (400 MHz, CDCl3) į 2.62 (dd, J= 12.5, 8.1 Hz, 1H), 3.10 (s, 3H), 3.11 
(s, 3H), 4.31-4.39 (m, 2H), 6.31-6.40 (m, 2H), 6.71 (dt, J= 8.1, 1.8 Hz, 1H), 7.07 (t, J= 7.7 
Hz, 1H), 7.19 (dt, J= 7.7, 0.7 Hz, 1H), 7.24-7.28 (m, 2H), 7.44 (dt, J= 6.2, 1.1 Hz, 1H), 
7.57-7.69 (m, 5H), 8.17 (d, J= 7.7 Hz, 1H); 
13C NMR (100 MHz, CDCl3) į 35.8 (CH2), 
36.4 (CH3), 37.7 (CH3), 47.2 (CH), 125.1 (CH), 125.2 (CH), 125.2 (CH), 126.0 (CH), 126.3 
(CH), 126.6 (CH), 126.7 (CH), 127.2 (CH), 127.4 (CH), 127.6 (CH), 127.7 (CH), 128.7 
(CH), 129.2 (C), 129.5 (CH), 130.8 (C), 132.4 (C), 134.3 (C), 135.1 (C), 135.3 (C), 135.5 
(C), 135.9 (C), 137.9 (C), 138.3 (C), 170.0 (C), one (CH) absorption of an aromatic proton 
was not observed (overlapping signal); IR (Neat): Ȟmax (cm
-1) = 2922 (CH2), 2850 (CH), 
1644 (R1R2C=CR3R4), 1438 (Ar C=C), 740 (Ar C-H deformation); EI MS: m/z (%): 465  
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(83.3, M
+), 392 (30.8), 306 (42.8), 197 (100); HRMS (EI): m/z calcd for C29H23ONS2: 
465.1221, found 465.1153. 
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Chapter 5 
From Molecular Motors to 
Autonomous Movement of 
Molecular Nanocars 
 
In this chapter the design of molecular nanocars were presented. Two approaches 
toward a molecular nanocar that should be capable of displaying directed motion in 
two dimensions on a surface were described. One of two routes provided a 
molecular nanocar which is composed of four molecular motors attached to a 
central frame in one molecule. To test the motor function of a molecular nanocar, 
photochemical and thermal isomerization studies were performed in solution. 
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5.1   Introduction 
Nanotechnology is expected to cause a major revolution in the modern technology.
1 
The scientist’s effort to design nanoscale-sized single molecule machines with controlled 
motion has yielded a variety of mechanical systems such as motors, switches, shuttles, 
gears, bearings, muscles, gyroscopes, and elevators.
2 Most of these nanoscale machines
3 
were designed and synthesized to operate in solution. However, to make them useful, they 
need to be incorporated into interface surrounding systems for instance the combination of 
natural and artificial components results in a great variety of nanodevices.
1 One of the long-
term objectives of this research is to utilize the functions associated with both biological 
and synthetic materials to create nano-mechanical systems powered by biological motors.
4 
Although achieving controlled advanced functions at the molecular level is still a 
tremendous challenge especially with entirely artificial molecules, a lot of effort is being 
spent on making the different parts required to realize such integrated molecular devices. 
Despite such difficulties to achieve control, several examples of artificial molecules whose 
operation have been attempted in the solid state and/or on solid surfaces and not in the 
solution state, have been published. Usually, scanning tunneling microscopy (STM) and 
atomic force microscopy (AFM) are the primary non-optical tools that have been applied to 
probe surface molecular diffusion motion.
5 STM is particularly useful because it offers 
topological information of the substrate with atomic scale resolution in addition to the 
molecules under investigation. AFM has the advantage that it can also operate on 
nonconductive surfaces, but its spatial resolution is limited compared to STM.
5a 
With these STM and/or AFM techniques, several examples of the detection of motion 
of nanomachine-like molecules have been reported which were designed to 1) translational 
move on a surface; such as porphyrins,
6 fullerene,
7 cyclodextrin necklace,
8 and molecular 
landers
9 or 2) be mounted on and operate on a surface; such as altitudinal molecular rotors
10 
and azimuthal molecular rotors.
11 However, most of the observed motion with these 
systems has been attributed to a stick-slip or sliding movement.
12 The exception to these 
observations is fullerene structures that have been shown to exhibit rolling translation and 
rotation on various surfaces because of their spherical wheel-like and symmetrical 
structures.
13 In the last decade, Tour and co-workers have reported studies on the 
construction of surface-rolling molecules in attempt to develop molecular nanomachines 
that can move along metal surfaces.
14 The first successful examples of surface-rolling 
molecule “nanocar” 1 and also a related “three-wheel” compound 2 have been synthesized 
and studied on gold surfaces (Figure 1).
15 From Molecular Motors to Autonomous Movement of Molecular Nanocars 
 
159 
 
 
 
Figure 1. The structure of nanocar 1 and three-wheel analogue 2 (Figure reproduced from 
ref. 15b). 
They were able to demonstrate the first example of wheel-assisted rolling motion on 
Au (111) surfaces, not the stick-slip or sliding translation, at the single molecular level 
using STM. Evidence for the fullerene-wheel-assisted motion was obtained by comparison 
of two different compounds that show thermally-induced motions by heating the system; 1) 
with translational motion of nanocar 1 (Figure 2a) and 2) with pivotal motion of three-
wheel analogue 2 (Figure 2g). After STM imaging the compound 1 and 2 at rt on Au 
(Figure 2b and h, respectively), the substrate temperature was increased and the nanocar 1 
remained effectively stationary on Au surfaces until up to approximately 170°C. As the 
temperature increased above this point, the molecule 1 began to move in two dimensions 
through a combination of both translation and pivoting motion. Subsequently, at 
approximately 200°C, the motion of the nanocar 1 can be visualized through a series of 
STM images (Figure 2c-f). Analogous, pivoting motion of three-wheel 2 can be seen in a 
sequence of images (Figure 2i-k) at temperature above 200°C. The motion that occurred 
between pivoting was perpendicular to the axles (centre of a three-wheel molecule), 
demonstrating a directional preference relative to the molecular orientation of the fullerenes 
to chassis moiety. The two types of motion for the different structures are as follows: 1) the 
nanocar 1 sequentially pivots and then translates on Au surface; 2) three-wheel analogue 2 
pivots but does not translate on the surface. These nanocar 1 and analogue 2 are clear 
examples of control of a motion on a surface using thermal energy as the energy input and 
using fullerene-C60 as a wheel of the car.  
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Figure 2. Comparison of thermally-induced motions of a) cartoon of nanocar 1 and b-f) 
STM-imaged motions of 1 on Au surface. g) cartoon of three-wheel analogue 2 and h-k) 
STM-imaged motions of 2 on Au surface. All sequence images of 1 were taken during 
annealing at ~200 °C (image size is 51×23 nm
2) and the acquisition time for each image 
was ~1 min, with b-f) selected from a series of images spanning 10 min. A sequence of 
STM images h-k) acquired ~1 min intervals during annealing at ~225 °C showed the 
pivotal motion of 2; no translational motion in any molecules was observed (image size is 
34×27 nm
2) (Figure reproduced from ref. 15a).  
Direct manipulation of 1 by the STM tip was further examined in order to explore the 
hypothesis that the motion is facilitated by rotation of the fullerene-C60. After STM imaging 
of 1 at rt, the STM tip was lowered behind the molecule, meaning that the molecule will be 
pushed by the tip, however, the pushing attempts never caused nanocar 1 move in the 
direction of the tip motion; nanocar 1 was always pushed away to the side or resulted in a 
pivoting motion. In contrast, when the STM tip was lowered in front of the molecule, the 
nanocar 1 was pulled (dragging) by STM tip. Figure 3 showed these motions. Nanocar 1 
was pulled in a shallow curve in a direction probably perpendicular to its axles (Figure 3a 
to b) and then an attempt was made to pull it in a direction parallel to its axles (90° to its 
former path), unfortunately no movement was observed in this direction (Figure 3b). This From Molecular Motors to Autonomous Movement of Molecular Nanocars 
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unsuccessful attempt was then continued by a short dragging manipulation again 
perpendicular to the axles (same direction of Figure 3a), after which nanocar 1 rotated 90°, 
perhaps because of the vicinity to the group of molecules in the lower right-hand corner 
(Figure 3c). This sequence of data demonstrates a directional preference favoring motion 
perpendicular to the axles, as was expected for fullerene facilitated rolling. This means that 
this STM manipulation of nanocar 1 is atypical where pushing is almost universally the 
case with large organic molecules.
16 
 
Figure 3. Schematic representation of direct manipulation of 1 by an STM tip. a) A single 
molecule 1 is pulled with the tip perpendicular to its axles and it was pulled from the 
position of a to b. After b, the same technique failed to move nanocar 1 when the tip was 
lowered to the side and dragged perpendicular to its previous motion (90°). c) Nanocar 1 
was continued moving with the same technique along its initial path before it appeared to 
pivot 90° to its original orientation (Figure reproduced from ref. 15a). 
One example of directional translation induced by “pushing” with an STM tip has been 
reported by Grill et al.
17 They used two triptycene groups as wheels, which are connected 
by a CŁCíCŁC axle as presented in Figure 4a. When the molecule 3 adsorbed on a metal 
surface (Cu), this molecule 3 showed independent rotation of each wheel around the central 
axle. In order to induce a motion (as schematically presented in Figure 4b) by sideways 
STM manipulation, a Cu (110) surface was chosen, which exhibits an anisotropic 
corrugation due to its close-packed rows of copper atoms in the (110) direction. After 
deposition at 25 K (-248°C), one area of the surface showed a few molecules of 3 which 
were adsorbed as isolated molecules on the Cu (110) surface (Figure 4c). When the STM 
tip was placed on the top of the molecule 3 and it moved perpendicular to the axle of 
molecule, it was found that the molecule 3 moves in the same direction with the STM tip; 
in this case 4 nm translational movement by pushing was induced (Figure 4d).       
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Figure 4. Molecule with two-wheels designed to achieve rolling motion: a) Chemical 
structure of two-wheel molecule 3. b) Scheme of a manipulation using the STM tip to 
induce a rolling motion (arrows indicate the rotation of the wheels). c) STM images of 
molecule  3 on Cu (110) before manipulation. d) STM images of molecule 3 after 
manipulation (Figure reproduced from ref. 17).  
Furthermore, Tour and co-workers attempted to construct a “motorized nanocar” 4, 
contained p-carborane as a wheel and a light-driven molecular motor
18 as the engine of 
nanocar 4 (Figure 5a).
19 The motor moiety in its central part would lead to propulsion 
action along a substrate surface for motion of a nanocar 4 (Figure 5, b-e). 
a b c
d e
 
Figure 5. a) Structure of motorized nanocar 4. Scheme for the nanocar 4 where b) 
irradiation with light would excite the motor part which c) induces motor rotation resulting 
in d) sweeping motion across the surface to e) propel the nanocar 4 forward (Figure 
reproduced from ref. 19a). 
The idea behind this design was that the motor moiety in the nanocar 4 will act as the 
engine as it can perform repetitive unidirectional rotary motion from light and heat (35-
65°C) as the energy input. In addition, it can be incorporated into a more complex structure 
without disturbing the unidirectional rotation of the molecular motor moiety.
19b This 
nanocar  4 has been studied in the solution by 
1H NMR and UV-Vis spectroscopic From Molecular Motors to Autonomous Movement of Molecular Nanocars 
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measurements using the racemic compounds. It was found that thermodynamic and kinetic 
parameters of the thermal conversion step from unstable to stable isomer 4 were similar to 
those obtained by our group
18 and it was found that the p-carborane wheels do not alter the 
rotation of the motor unlike the fullerene-C60 wheels.
14 However, the movement of this 
motorized nanocar 4 remains to be determined on surfaces using STM technique. 
With the bottom-up fabrication on nanometer-sized transporters using external stimuli 
(such as light, chemical or electrical) as an energy, we sought to study controlled molecular 
motion on surfaces through the design of molecular structures called “four-wheel drive 
nanocars”. We have designed two types of new molecular nanocars with different 
connection between the chassis and the molecular motor (wheel) moieties as shown in 
Figure 6. In this chapter we will focus on the first-design, i.e. nanocar 5 with acetylenes 
connection the four motor-wheels to the chassis (Figure 6a). Chapter 6 will focus on four-
wheeled nanocar 6 where the motor units are fused to the chassis (Figure 6b). 
 
Figure 6. The structures of two molecular nanocars 5 and 6. 
The synthesis of nanocar 5 and related compounds will be outlined. Studied on the 
photochemical and thermal helix inversion processes are described and as well as 
preliminary attempts to observe this system on a metal surface. 
5.1.1   Molecular design 
The molecular machine we designed constitutes a central part formally representing a 
chassis, which is further functionalized by four unidirectional rotary motors representing 
the wheels in its corner portions as shown in Figure 7a. The wheels (Figure 7a, c) are 
analogous to well-known rotary motors whose action has been studied in solution
20 and in 
condensed phases.
21 They will show the same behaviour: unidirectional 360° rotation is 
performed through a four-step switching cycle through two double bond isomerizations and 
two thermal helix inversions (Figure 7c).
22 The unidirectionality of the rotary process is 
ensured by the thermal helix inversions while the direction of rotation is governed by the 
configuration of the stereogenic centre bearing the methyl group (Figure 7a, c). As 
illustrated, the rotary motors undergo geometric changes as a result of sequential 
configurational and conformational switching induced by light and heat, respectively. Our 
hypothesis of the configurational (hQ) and conformational (') changes might result in the  
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movement of a molecule along the surface as sketched in Figure 7b and if the four motor 
units are complementary in their directionality of rotations, linear translational motion of a 
single molecule across the surface is expected through a paddlewheel type movement (lift 
and pull entire molecule). 
 
Figure 7. Structure of molecular nanocar 5. a) Chemical structure and cartoon 
representation of 5. b) Cartoon model of 5 represent (side view) of the paddlewheel-like 
motion using four motor molecules in its corner. c) Schematic representation of the 360° 
unidirectional rotation of the motor rendered by two double bond isomerization steps and 
two relaxation steps through helix inversion. Different colors in the model highlight the 
different positions of atoms during the rotor action. For clarity, the naphthyl group is 
substituted by methyl groups. 
We speculate that this feature of paddlewheel-like motion mechanism of four motor 
units using an external energy source will be a different movement type compared to 
previous exist systems such as pushing, pulling or hopping using an STM tip
16,17,23 or 
directional thermally diffusion.
15,24 
In our molecular design, we decided to use aromatic groups for the chassis part such as 
two carbazole core units connected by aromatic aryl groups in order to enhance the 
adsorption to surfaces (Figure 6). To disable Brownian motion to a large extent we envision 
to adsorb a potentially moving structure to a surface and if the van der Waals forces that 
facilitate the absorption are strong enough, the structure will remain in place without 
drifting. Structures like molecule 5 and 6 are therefore anticipated to provide an opportunity 
of achieving this. 
5.1.2   Directional movement depends on the chirality of the structure 
The differences in directional or random motion should be considered and it can be 
explained by the chirality and geometry of the molecule on the surface. In such case, the 
repetitive unidirectional motion of wheels attached to the side of the scaffold could allow 
for directed translational motion when the wheels are rotating in the same direction. From Molecular Motors to Autonomous Movement of Molecular Nanocars 
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Synthetically the molecule 5 is challenging as during synthesis, it is likely that a mixture of 
diastereomers will be obtained (four stereogenic centers in one molecule). Therefore we 
have to consider that just only one meso-(R,S-R,S)-isomer of nanocar 5 (Figure 8a) will 
rotate four molecular motor units in the same direction and will propel the nanocar 5. 
a
d b
e c
 
Figure 8. Anticipated directionality of movement induced by concerted rotation of the 
motor units in nanocar 5. a) Chemical structure of meso-isomer 5. b-c) Cartoon 
representation of two distinct ‘landing geometries’ of the meso-(R,S-R,S)-5 will lead to 
either directional movement or to no movement at all. d-e) In contrast (R,R-R,R) or (S,S-
S,S)-isomers 5 will move randomly. The arrows show expected propulsion. 
However, in the case of the meso-isomer, two geometries need to be considered 
because free rotation around the aryl-alkynyl C–C single bond of the frame is locked upon 
physisorption (Figure 8). When the meso-(R,S-R,S) isomer will be adsorbed on the surface 
in the proper orientation (‘correct landing’), the four motor units can act in concert so that 
conrotatory motion will move the molecule along (Figure 8b). In contrast, in the ‘wrongly 
landed’ meso-(R,S-R,S) isomer the combined effects of the motor units cancel out and thus 
will preclude translational movement (Figure 8c). In the (R,R-R,R) or (S,S-S,S)-enantiomers 
of the racemic mixture case, the motor units on opposite sides of the molecule will rotate in 
a disrotatory fashion and, in an ideal case, will cause these molecules to spin; in a non-ideal 
case, the molecules exhibit random translational motion in addition to the spinning motion 
(Figure 8d-e).
25  
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5.2   Results and Discussions 
5.2.1   9-Ethynyl-9H-carbazole-based molecular chassis with alkoxy chains 
The design of the first “four-wheel” system required a central scaffold that allow 
coupling of four motor units. The rigid chassis 7 (dimensions: 2.3×0.7 nm) was identified 
as a potential synthetic goal. A retrosynthetic analysis is presented in Scheme 1 starting 
from carbazole 12. 
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Scheme 1. Retrosynthetic analysis of chassis 7 and molecular nanocar 5. 
First we will discuss the choice of carbazole 12 as building-block for our nanocars. 
During the past years, the synthesis and application of carbazole derivatives have been 
highly beneficial to chemists and material scientists
26 because these compounds are quite 
interesting due to their intrinsic photophysical and redox properties. Moreover, carbazole 
12 can be easily functionalized at its 3-, 6-, or 9-position and it can be used as building 
block for potential organic semiconductors
27 and organic light-emitting diodes.
28 To 
achieve a more planar structure of the chassis, we decide to introduce the carbon-carbon 
triple bond between carbazole 10 and aryl 11 which will avoid steric hindrance between 
carbazole and aryl groups. Additionally alkyl chains in the aryl moiety of 11 were 
envisioned to enhance the solubility of the molecule. To facilitate the synthesis most key 
steps on the retrosynthetic of chassis 7 are Sonogashira reactions; 1) to couple half-chassis 
moieties 8 and 9 which both are also synthesized by Sonogashira coupling of 2) acetylene 
carbazole core 10 and aryl moiety 11, and the final step 3) to couple the chassis 7 with four 
motor units as shown in Scheme 1. 
The synthesis of chassis 7 begins with two straightforward steps attaching a terminal 
alkyne to the nitrogen of the commercially available dibromo carbazole core structure 12. 
The first step is a dichlorovinylation of carbazole 12 in the presence of potassium tert-
butoxide and tetra-n-butylammonium chloride (TBAC) providing compound 13.
29 The 
dechlorination of compound 13 using n-butyl lithium gave 3,6-dibromo-9-ethynyl-9H-
carbazole (10) in good yield (Scheme 2). It was very surprising that no lithium-bromide From Molecular Motors to Autonomous Movement of Molecular Nanocars 
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exchange was observed upon treatment of compound 13 with n-BuLi. However it is 
important to note that in order to avoid any side products formation or lithium-bromide 
exchange the substrate concentration during the reaction has to be strictly controlled. At a 
concentration of the substrate 0.01 mmol of compound 13 in 1 mL of Et2O the reaction 
proceeds in excellent yield (90%). Further increase in concentration results in formation of 
many side products.  
 
Scheme 2. The synthesis of 3,6-dibromo-9-ethynyl-9H-carbazole (10). 
For the elongation of the chassis, molecule 11 was prepared via bis-alkylation followed 
by di-iodination of 1,4-dihydroquinone 14 as shown in Scheme 3.
30 The incorporation of 
the decyloxy groups is necessary to gain sufficient solubility for the chassis. In addition, the 
polar nature of the alkyloxy groups turned out to be very beneficial to subsequent 
purification by column chromatography. 
 
Scheme 3. The synthesis of 1,4-bis(decyloxy)-2,5-diiodobenzene (11). 
Treatment of compound 10 with compound 11 in the presence of Pd(PPh3)4 and CuI as 
catalysts under Sonogashira conditions
31 led to compound 8 in moderate yield. Next, 
protected-acetylene compound 16 was obtained via cross coupling of trimethysilylacetylene 
(TMSA) with 8 using a Sonogashira reaction. Finally desilylation of 16 with K2CO3 in 
methanol/THF provides compound 9 in good yield (Scheme 4). 
 
Scheme 4. The synthesis of acetylene substituted compound 9. 
 A subsequent Sonogashira coupling between iodine compound 8 and acetylene 
compound 9 (1:1 ratio) provided the chassis 7 under optimized reaction condition in 60%  
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yield (Scheme 5). It is important for the Sonogashira coupling reactions that the acetylene 
compound (i.e. 9 or 10) is slowly added into the reaction mixture (3 hours) under very 
dilute conditions. Fast addition of the acetylene compounds resulted in formation of 
homocoupled by-products.     
 
Scheme 5. The synthesis of 9-ethynyl-9H-carbazole-based molecular chassis 7. 
An important step was to couple four molecular motors onto chassis 7 to get the 
molecular nanocar 5. As described in chapter 2, the light-driven molecular motor 17 has 
been prepared also for this nanocar project. The molecular motor 17 can be connected to 
the chassis 7 using different methods for instance via Suzuki coupling or employing 
Sonogashira coupling conditions. However we did not use the Suzuki reaction because the 
carbon-carbon bond between the molecular chassis and the motor (avoiding a biaryl 
system) will make the whole molecule less-flat and the paddlewheel-like concept of 
molecular motor might not work (Figure 9). 
 
Figure 9. Comparison of structures of nanocars obtained using Suzuki or Sonogashira 
coupling reactions.    
We prefer the acetylene bond between chassis and motor thus the target is acetylene 
functionalized motor 19 (Scheme 6) for coupling the motor to the frame of chassis 7. The 
first procedure started with the reaction between motor 17 and trimethylsilylacetylene 
(TMSA) to provide TMS-protected acetylene motor 18. By subsequent deprotection by 
removal of the TMS group with TBAF, the acetylene motor 19 was obtained. 
Unfortunately, both products 18 and 19 could not be separated from the starting material 17 
using column chromatography (Scheme 6a). From Molecular Motors to Autonomous Movement of Molecular Nanocars 
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Scheme 6. The synthesis of the light-driven molecular motor 19 substituted with an 
acetylene group. 
Because of these problems, a modified route was followed by using 
ethynyldimethylcarbinol instead of TMSA allowing to separate the product 20 from starting 
material  17. The Sonogashira coupling between motor 17 and ethynyldimethylcarbinol 
provided product 20 and it was purified and obtained in moderate yield. Deprotection of 
compound 20 by NaOH in toluene provided the acetylene motor 19 in good yield (Scheme 
6b). 
With chassis 7 and acetylene functionalized motor 19 in hand we focused on the final 
steps to complete the molecular nanocar 5.  The reaction of chassis 7 and motor 19 was 
examined using different optimized conditions of the Sonogashira coupling; for instance 
with different palladium sources [Pd(dba)2, Pd(PPh3)4 or PdCl2(PPh3)2] or amine-bases 
(Et3N,  i-Pr2NEt or i-Pr2NH) or conditions describe above but none of these worked 
(Scheme 7). All Sonogashira coupling conditions resulted in the homo-coupling product of 
acetylene motor 19 (bis-acetylene motor) and led to recovering of the unmodified chassis 7. 
It is possible that the halogen groups (bromine) on the chassis 7 are not reactive enough to 
react with acetylene motor 19 or the reason could be because the motor 19 is too bulky to 
couple with the chassis 7.   
 
Scheme 7. The attempted Sonogashira coupling reaction of the molecular chassis 7 and 
motor 19 to get nanocar 5.  
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Therefore, after several attempts, we decided to perform the coupling reaction of the 
chassis  7 first with a smaller molecule than motor 19. The reaction of chassis 7 was 
examined with TMSA using the same coupling condition as shown in Scheme 5. 
Unfortunately, we recovered only the chassis 7 while formation of product 21 was not 
observed (Scheme 8).  
 
Scheme 8. Attempted synthesis of the chassis 21 with four acetylene groups. 
A possible reason for the failure of this reaction could be the low reactivity of bromide 
in molecule 7. Alternatively, the aromatic Finkelstein reaction of chassis 7 to introduce 
iodine has been attempted using copper-catalyzed substitution as shown in Scheme 9. 
Although the halogen exchange in the chassis 7 did work as was revealed by 
13C NMR 
spectroscopy (shift from 120 ppm of C-Br to 85 ppm of C-I), surprisingly from 
1H NMR 
we observed simultaneous cleavage of all aliphatic chains on the chassis.          
 
Scheme 9. The copper-catalyzed halogen exchange in aryl halides on the chassis 7. 
The protons of -OCH2-  before this reaction are observed at 4 ppm (8H) while all 
protons of the aliphatic chains disappeared after the reaction finished, it is possible that 
alkyl groups can be cleaved from the oxygen at this high temperature though it has never 
been observed with this kind of Finkelstein reaction before. Therefore, we consider that 
alkyl chains can be introduced instead of alkoxy chains as described below to avoid this 
unexpected cleavage. 
5.2.2   9-Ethynyl-9H-carbazole-based molecular chassis with alkyl chains 
Consequently, the linking unit of the chassis has been changed to 1,4-didodecyl-2,5-
diiodobenzene (25), which was prepared as described in Scheme 10, according to a 
procedure reported.
32  From Molecular Motors to Autonomous Movement of Molecular Nanocars 
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Scheme 10. The synthesis of aryl 25 with aliphatic chains instead of aryl 11 with alkoxy 
chains. 
Once again the total synthesis of the chassis started with the Sonogashira coupling 
between carbazole 10 and aryl compound 25 to afford compound 26 although in rather poor 
yield (35%). The next step was a Sonogashira coupling of compound 26 with TMSA and 
followed by deprotection removing the TMS group to provide acetylene compound 28 in a 
good yield. In the next step two halves of chassis 26 and 28 were coupled by Sonogashira 
reaction and provided the chassis 29 in moderate yield. The aromatic Finkelstein reaction of 
chassis 29 using catalysis amount of copper iodide and excess of sodium iodide provided 
the tetraiodo-chassis 30 in quantitative yield (Scheme 11).    
 
Scheme 11. The synthesis of the tetraiodo-chassis 30 using the same procedures. 
Chassis 30 was then used in the final assembly of nanocar 31 (Scheme 12). Synthesis 
of nanocar 31 was attempted through Sonogashira coupling between 6 eq. of motor 19 and 
chassis  30 to give compound 31 using typical coupling conditions A-C (Scheme 12). 
Coupling conditions A and B afforded mixtures of products, which were separated via 
preparative high pressure liquid chromatography (HPLC). From the 
1H NMR spectra, it 
appeared that none of the isolated compounds corresponded to the desired product 31. 
However, one of isolated products showed distinctive features of aliphatic protons of 
molecular motor (i.e. at 2.7 (d), 3.5 (dd), and 4.3 ppm (t) (see comparison in Figure 15)) 
except that the ratio of motor moiety to chassis part was 3:1 instead of 4:1 ratio. A 
subsequent Sonogashira reaction of this isolated product still did not provide the correct 4:1  
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ratio of motor to chassis moiety. One explanation might be that the more bulky (motor) 
parts are attached, the more difficult the next reaction proceeds.    
 
Scheme 12. The synthesis of nanocar 31 with different conditions of Sonogashira coupling 
reaction. 
On the other hand, condition C (Scheme 12) employed for Sonogashira coupling did 
not provide product 31 either, but only starting material 30 and the homocoupling product 
(bis-acetylene motor 32) of motor 19 were isolated. 
From these results (conditions A and B) we conclude that this procedure is not optimal 
because the final Sonogashira reaction can lead to a mixture of five possible products 
(Figure 10). Moreover changing the central aryl part (25) with alkyl groups (less polar) 
from the one (11) with alkoxy groups (more polar) changed the polarity of the whole 
molecule to such an extend that all possible products are so apolar that they elute from the 
column at the same time when using chromatography separation. 
 
Figure 10. The possible mixture of compounds after Sonogashira reaction. 
From the studied that is described in the previous and this section, we learned that 1) 
iodo-substitution on carbazole is very important in order to introduce the molecular motor 
units to the chassis moiety, 2) central aryl part with alkoxy chains (more polar) is necessary 
for the separation of a mixture of final molecular nanocar. Moreover, to avoid the self-
coupling between halogen and acetylene moiety, the N-alkynyl-substituted has to be 
removed from the carbazole as shown in Figure 11. This strategy might be more efficiently 
because the chassis will show high reactivity of the iodide presence in the molecule and 
furthermore the polarity of aryl groups can be used to separate product without any problem 
with alkoxy-bond cleavage. From Molecular Motors to Autonomous Movement of Molecular Nanocars 
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Figure 11. Three important features for new design to afford molecular nanocar.
 
5.2.3   9-Phenyl-9H-carbazole-based molecular chassis 
Consequently, we come up with a different design consisting of three requirements; 
first introduction of iodine to carbazole moiety, second extension of the chassis carbazole 
part using aryl group which still contains alkoxy groups and the third requirement is to get 
rid of the N-alkynyl substitution in order to abstain from self-coupling. Originally we 
considered that the chassis part should have the C-C triple bond between the carbazole and 
the central aryl moieties to provide a planar structure after deposition on a surface. 
However, due to the difficulties encountered in the synthesis we have redesigned the 
molecule as to connect the carbazole moiety directly to an aryl group. The first step 
involved iodination of carbazole 33 providing 3,6-diiodo-substituted carbazole 34.
33 
Compound  34 was then subjected to a standard arylation reaction with 4-
fluoronitrobenzene in the presence of K2CO3 to yield 35 which was followed by reduction 
using tin(II) chloride to afford product 36 in good yield. In the next step compound 36 was 
coupled with TIPS-acetylene providing the TIPS-protected-bis-acetylene carbazole 37. A 
one-pot method for the iodination of aryl amine 37 via the corresponding stable aryl 
diazonium intermediate gave product 38 in moderate yield (Scheme 13).  
 
Scheme 13. The synthesis of TIPS-protected-bis-acetylene carbazole 38. 
To make the connector part for the chassis we started from the 1,4-bis(decyloxy)-2,5-
diiodobenzene (11) described above. 1,4-Bis(decyloxy)-2,5-diethynylbenzene (40) was  
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synthesized according to a literature procedure in a two-steps using a double Sonogashira 
coupling followed by deprotection reactions (Scheme 14).
34 
 
Scheme 14. Synthesis of 1,4-bis(decyloxy)-2,5-diethynylbenzene (40). 
Next compound 40 (0.07 mmol in 4 mL of THF) was slowly added (1 mL/1 h) to the 
reaction mixture of compound 38, CuI and palladium catalyst in order to perform a 
Sonogashira coupling (Scheme 15). Subsequent deprotection of compound 41 with TBAF 
provided chassis 42 in moderate yield. 
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Scheme 15. The synthesis of TIPS-protected- and deprotected-acetylene chassis 41 and 42. 
Furthermore, the reactivity of motor moiety has to be enhanced to make it easier 
couple to the chassis 42. Using the aromatic Finkelstein reaction on bromo-substituted 
molecular motor 17 with CuI and excess of NaI afforded the iodo-substituted motor 43 in 
full conversion (Scheme 16). In this way, we do not need to worry about the alkoxy-bond 
cleavage of chassis part anymore.  
 
Scheme 16. Synthesis of more reactive iodo-substituted molecular motor 43. 
    The Sonogashira coupling of chassis 42 with motor 43 was performed by slow 
addition of the chassis 42 in THF 3 mL (with a syringe pump; 1 mL/1 h) into a solution 
mixture of molecular motor 43 (6 equiv), Pd(dba)2 (10 mol%), CuI (10 mol%) in a mixture 
of THF/i-Pr2NEt (20 mL) under N2 atmosphere. After purification by preparative HPLC, 
the isolated product 44 was obtained in 39% yield as red viscous oil. From 
1H NMR 
spectroscopic and mass (MALDI-TOF) analysis, it was confirmed that only 3 molecules of 
a motor reacted with the chassis 42 (Scheme 17). Therefore compound 44 was subjected From Molecular Motors to Autonomous Movement of Molecular Nanocars 
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once again to the same Sonogashira coupling condition with the motor 43 (2 equiv) this 
time affording nanocar 45 in 20% yield which was purified by preparative HPLC.     
 
Scheme 17. The synthesis of molecular nanocar 45 through Sonogashira coupling reaction. 
The compound 45 was characterized by 
1H, 
13C NMR spectroscopy and MALDI-TOF 
mass spectroscopy (see experimental section for the details) and it was confirmed that this 
molecule is composed of four molecular motors attached the chassis.  Having the desired 
four-wheel nanocar 45 in hands we have initiated physicochemical studies on this molecule 
in order to prove that the motor moieties are still functioning as predicted. We anticipate 
that the rigid frame chassis should not get any involvement by light or heat.
 
5.2.4   Photochemical and thermal isomerization studies of molecular 
nanocar 45 and related compounds 
To validate that nanocar 45 still operates as a molecular motor, the photochemical and 
thermal helix inversion steps were studied using UV/Vis and 
1H NMR spectroscopy. In this 
chapter we have three compounds to study in order to compare the difference of rate of 
rotation of motor function between single molecular motor 19, double molecular motors 32 
and quadruple molecular motors 45 (Figure 12). 
 
Figure 12. Structure of nanocar 45 and related motor structures. 
Based on the known half-life (t1/2) of the bromo-substituted motor 46 (7.6 min at rt) as 
described in Chapter 2, it was anticipated that the thermal isomerization of the unstable  
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isomer 19’ would be similar to the motor 46. In analogy with the behavior observed for 
motor 46, irradiation (O > 365 nm) of racemic 19 in Et2O at 0°C to its photostationary states 
(PSS) resulted in a red shift of the major absorption band from 390 nm to an absorption 
centered at 425 nm (Figure 13). 
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Figure 13. The UV/Vis spectra of initial stable motor 19 (solid line) and the PSS of 
unstable motor 19’ after irradiation for 50 min at 0°C (dot line) (only one enantiomer 
shown).
35 
An isosbestic point was clearly visible around 420 nm, indicating that the 
photoisomerization was a selective process and the PSS was reached after 50 min. 
The selective thermal isomerization process of unstable 19’ to stable 19 in Et2O was 
confirmed by following the change in absorption at 460 nm as a function of time (s) at five 
different temperatures (-10, 0, 10, 15 and 20°C). Using the different rate constants, the 
Gibbs free energy '
‡G° for the process was calculated by using the Eyring equation to be 
86.7 kJ mol
-1 and a half-life of 5.4 min was established for the conversion of unstable 19’ to 
stable 19 at room temperature (Figure 14). 
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Figure 14. Eyring plot of thermal helix inversion from unstable 19’ to stable 19.  From Molecular Motors to Autonomous Movement of Molecular Nanocars 
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Comparison of the half-life of the unstable isomer 19’ shows no significant differences 
from bromo-substituted motor 46 (t1/2 = 7.6 min at rt), which suggests that the acetylene 
substituent does not have a major influence on the barrier of thermal isomerization. 
Comparison of the activation values of '
‡G° for thermal helix inversion is also consistent 
with those of motor 46 (87.6 kJ mol
-1). 
Analogous to motor 46 (in Chapter 2), 
1H NMR studies to analyze the photochemical 
and thermal isomerization processes of acetylene functionalized motor 19 were performed 
in CD2Cl2 at low temperature. It was found that the photostationary state during the 
photochemical step (O > 365 nm) of the stable 19 to unstable 19’ was reached after 10 h at -
30°C and the ratio of unstable 19’ and stable isomers 19 was found to be 70: 30 (Figure 
15b). Characteristic features in the 
1H NMR spectra are the shifts of the protons in the 
aliphatic region. Four absorptions correspond to the protons in aliphatic region of the stable 
isomer 19 are found at G 4.30 (m, 1Ha), 3.72 (s, 1Hd), 3.53 (dd, 1Hb), and 2.75 ppm (d, 
1Hc), respectively (Figure 15a). The correspond signals of unstable isomer 19’ appear at 
4.25 (m, 1Ha), 3.75 (s, 1Hd), 3.58 (dd, 1Hb), and 3.20 ppm (dd, 1Hc) as shown in Figure 
15b. The new doublet signal at 1.56 ppm corresponding to the unstable isomer 19’ is 
attributed to methyl group (in pseudo-equatorial position) which is shifted in case of stable 
isomer 19 (G 1.35 ppm). After reaching the PSS, the thermal isomerization was performed 
by warming the sample of unstable 19’ to rt for 30 min. Analysis of the 
1H NMR spectrum 
of molecular motor 19 after thermal helix inversion showed the shift of the protons 
quantitatively from G 3.20 (Hc), 3.58 (Hb), 3.75 (Hd), and 4.25 ppm (Ha) (the unstable 
isomer  19’) back to 2.75, 3.53, 3.72, and 4.30 ppm, respectively (stable isomer 19). 
Furthermore the original proton signal at 1.35 ppm of the methyl group at the stereogenic 
center was restored as shown in Figure 15c. 
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Figure 15. 
1H NMR (500 MHz) spectra of racemic molecular motor 19 in CD2Cl2; a) stable 
19 before irradiation, b) unstable 19’ after photoisomerization, PSS ratio 19:19’ = 30: 70,  
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and c) stable 19 obtained after thermal helix inversion. All 
1H NMR spectra were obtained 
at -30°C. 
To gain a better understanding of the behavior of multi molecular motor molecule, we 
have first studied the double motors 32 (bis-acetylene motor) before moving to more 
complicated system such as nanocar 45 (quadruple motors). The photochemical properties 
of double motors are more challenging to study than the property of a single molecular 
motor. With two double bonds present as axles, there are three possible photochemical 
isomers; stable-stable motor 32, unstable-stable 32’ and unstable-unstable 32’ as displayed 
in Figure 16. 
 
Figure 16. Three possible outcomes of photochemistry of a double motor 32. 
These possible isomerizations will be seen if isomerization of one of the double bonds 
has no influence on the rate of photochemical reaction of the other double bond. It is very 
difficult to predict whether both olefins will undergo photoisomerization at the same time 
or not because of electron delocalization stability as well as changes in the absorption 
characteristics of the molecule after the first photochemical reaction. If the 
photoisomerization of one motor part depends on another motor moiety, it might lead to a 
preference of one of these two unstable isomers. The double motor bis-acetylene 32 was 
studied by UV/Vis spectroscopy in Et2O (1.6×10
-5 M) (the same solvent used for acetylene 
motor 19). Irradiation of racemic 32 was performed at O > 365 nm and the photochemical 
conversion followed at -10°C. The irradiation of stable 32 using UV-light led to the 
appearance of a red-shift band in the UV/Vis spectrum from 440 nm to 520 nm (Figure 17). 
During irradiation, first an isosbestic point was visible at O = 480 nm, indicating that the 
photoisomerization was a selective process. Second, the observation of an isosbestic point 
provided indication that if some unstable-unstable isomer 32’ is formed, this is probably not 
present in significant amounts. There is of course the small possibility that the unstable-
stable and unstable-unstable isomers 32 have the same absorption characteristics. Unlike 
the case of a molecular walker of Martin Klok,
36 where the unstable-unstable isomer clearly 
forms, gives stronger UV/Vis absorption in this 450-500 nm range due to the twisted 
orientation of stator relative to the rotor which is different from this motor 32 system. 
However, it is difficult to draw the conclusion from the UV/Vis spectra that the From Molecular Motors to Autonomous Movement of Molecular Nanocars 
 
179 
 
 
photoisomerization process yields unstable isomers of both motor units. We need another 
technique (i.e. 
1H NMR) to see the difference between the three isomers in this system.         
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Figure 17. The UV/Vis spectra of initial stable motor 32 (solid line) and the PSS mixture 
of unstable motor 32’ after irradiation for 40 min at -10°C (dot line) in Et2O (only one 
enantiomer shown). 
From these UV/Vis measurements, it became evident that molecule 32 showed similar 
behavior for the thermal helix inversion process compared to the mono acetylene motor 19. 
The '
‡G° of 85.8 kJ/mol for the unstable 32’ to stable 32 conversion is similar to the one 
determined for single acetylene motor 19 (86.7 kJ mol
-1). The half-life time was slightly 
decreased from 5.4 min (for 19’ĺ19) to 3.8 min (for 32’ĺ32) as shown in Figure 18. As 
mentioned before, by using UV/Vis spectroscopy technique one cannot distinguish between 
the two unstable forms of 32’. From the kinetic study, it cannot be concluded whether the 
thermal isomerization occurs from one-unstable-one-stable isomer 32’ back to stable-stable 
isomer 32 and/or that it happens from unstable-unstable isomer 32’ back to stable-stable 
isomer 32. The thermal isomerization was followed by monitoring the change in absorption 
at 520 nm at five different temperatures and fitted with first order exponential decay 
(Figure 19a). We tried to fit the kinetic data with double exponential decay that suppose to 
give two half-life values in case one unstable motor had an intramolecular interaction to 
another motor moiety (dependence). However the fitting values gave the same results as 
first exponential decay (independent from each other) as shown in Figure 19b. 
From these results the following hypothesis can be drawn; 1) the thermal 
isomerizations of both unstable isomers have no consequence on each other hand. This 
means that both unstable isomers (unstable-stable and unstable-unstable) can go back to 
stable-stable isomer. That is why the first order exponential decay (one half-life) is seen and 
this half-life also equal to the process of one-unstable-one stable motor 32’ isomerized back 
to stable-stable motor 32 as shown in Figure 19. 2) It is also possible that, these 
temperatures (-10°C to 30°C) are not low enough, so that unstable-unstable isomer 32’ 
cannot be detected and one of unstable units isomerizes back (thermal isomerization) to  
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one-stable-one-unstable isomer. Thus, it might be just only one process happening in the 
system (unstable-stable motor back to the stable-stable isomer).  
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Figure 18. Arrhenius plot for the thermal process of a mixture unstable isomer 32’ to stable 
32. 
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Figure 19. The thermal decay kinetics at 520 nm from the mixture of unstable 32’ to stable 
32, fitting with a) first order exponential equation and b) double exponential equation, both 
at 273.2 K. 
To obtain more detailed information on the photochemical and thermal isomerization 
processes of compound 32, also 
1H NMR studies were performed. In order to stabilize the 
possible isomer obtained after photoisomerization preventing a thermal helix inversion 
step, the 
1H NMR spectrum of stable isomer 32 was measured in CD2Cl2 at -50°C. Starting 
from stable isomer 32 (Figure 20a), the sample was irradiated with 365 nm (UV-light) at -
50°C and after 2 h the spectrum showed new absorptions attributed to a mixture of unstable From Molecular Motors to Autonomous Movement of Molecular Nanocars 
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32’ and stable isomers 32 (Figure 20b). One good example is the proton c (Hc) in the 
aliphatic five-membered ring which is shifted from 2.79 ppm (d, J = 15.1 Hz) to 3.21 ppm 
(dd, J = 16.9, 4.6 Hz); the ratio 71: 29 (stable: unstable). However, the 
1H NMR spectra 
look slightly different when compared with 
1H NMR of acetylene motor 19 (Figure 15b). It 
shows an extra absorption at 2.78 ppm (d, J = 15.0 Hz) overlapping with Hc at 2.79 ppm of 
the starting stable isomer 32 (Figure 20b, in the circle). Continuing the irradiation to reach 
the PSS (10 h), the ratio of stable/unstable isomers changed from 71: 29 to 39: 61 and the 
extra absorption at 2.78 ppm (doublet) was still there (Figure 20c).        
a
c
b
d
Hc
Hc
after irradiation for 2 h
PSS after irr. For 10 h
 
Figure 20. 
1H NMR (500 MHz, CD2Cl2) spectra of racemic molecular motor 32; a) stable 
32 before irradiation, b) mixture of unstable 32’ and stable 32 after irradiation for 2 h (at -
50°C), c) PSS mixture of unstable 32’ and stable 32 obtained after irradiation for 10 h at -
50°C and d) stable 32 obtained after thermal helix inversion at rt for 30 min. All 
1H NMR 
spectra were obtained at -50°C. 
It is possible that both of the absorptions at 2.79 and 3.21 ppm belong to one isomer 
(one-unstable-one-stable) because in this case molecule 32 will not be symmetrical 
anymore and that can cause different proton shifts: one of the two protons (Hc) shifts up-
field to 3.21 ppm while another proton Hc slightly shifts from the original stable form at 
2.79 to 2.78 ppm. On the other hand, it is also possible that the third isomer (unstable-
unstable isomer 32’) also forms but with overlap in the same area of protons c at 3.21 ppm. 
So we cannot draw the conclusion that two or three isomers are present after irradiation at -
50°C. However, what can be concluded is that after irradiation of the stable motor 32 for 10 
h, the ratio of unstable and stable is 40: 60. At rt for 30 min, the unstable isomer 32’ goes 
back to the stable isomer 32 by selective thermal isomerization process (Figure 20d). From 
these photochemical and thermal isomerization experiments, we can conclude that both  
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compounds 19 and 32 still function as a molecular motor. The cycles of both motor 19 and 
32 have been characterized in terms of photochemical conversion and thermal helix 
inversion rates. Moreover, it also showed that the photochemical and thermal 
isomerizations are selective and reproducible processes as no degradation occurs during 
both processes after repeating this cycles for several times. 
Using the same 
1H NMR and UV/Vis spectroscopy techniques as for motors 19 and 32, 
a racemic mixture of molecular nanocar 45 was subjected to photochemical and thermal 
isomerization experiments (Figure 21a). With this compound 45, the solvent was changed 
to diethyl ether due to the trace of acid in dichloromethane.
37 Consequently, a solution of 
compound 45 in Et2O (2×10
-6 M) was irradiated with UV-light at 0°C. Starting with stable 
45, a photochemical isomerization (with O >  365 nm) generates unstable 45’ and the 
UV/Vis absorption spectrum was measured at regular intervals until the photostationary 
state (PSS) was reached after 30 min. An isosbestic point was formed at 453 nm and a red-
shift of the maximum at 420 nm (İ = 10.2×10
4 dm
3·mol
-1·cm
-1) to 433 nm (İ = 8.1×10
4 
dm
3·mol
-1·cm
-1) was observed (Figure 21b, solid line to dotted line). The sample was then 
left for 50 min at 0ºC to allow the thermal helix inversion process to occur. The UV/Vis 
spectrum indicates that the unstable 45’ has converted to stable 45 (Ȝmax = 420 nm, İ = 
10.2×10
4 dm
3·mol
-1·cm
-1, dashed line, Figure 21b). 
b
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Figure 21. Monitoring of photochemical and thermal behavior of compound 45. a) 
Anticipated rotation processes by photochemical and thermal isomerization of 45. b) From Molecular Motors to Autonomous Movement of Molecular Nanocars 
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UV/Vis spectra of racemic 51 in Et2O before (solid line), after irradiation to the unstable 
45’ (dotted line) and after the thermal isomerization process (dash line). c) Eyring plot for 
the thermal process of unstable isomer 45’ to stable 45 followed at four different 
temperatures. 
In addition, UV/Vis spectroscopy was used to study the kinetics of the thermal 
isomerization step. The changes in UV/Vis absorption at 400 nm were monitored as a 
function of time at different temperatures (20, 10, 0 and -10ºC for unstable 45’ ĺ stable 
45). Using these data, an Eyring plot was made for the thermal step, from which the half-
life and Gibbs free energy of activation were calculated. It was found that t1/2 = 5.5 min at rt 
('
‡G° = 86.8 kJ·mol
í1) for the isomerization of unstable 45’ to stable 45, a value similar to 
that of the analogous helix inversion of the related motors 19 and 32 which were 
determined to be 5.4 and 3.8 min at rt, respectively. In case of molecular nanocar 45, we 
did not try to fit the data with double exponential decay because of the presence of 4 motor 
moieties in one molecule leading to an isomerization scheme that will be more complicated 
than bis-acetylene motor 32. 
Next 
1H NMR spectroscopy was used to monitor the isomerization processes starting 
with a solution of stable 45 in toluene-d8 (Figure 22a). 
1H NMR analysis of the 
photochemical step (O > 365 nm) the conversion of stable 45 to unstable 45’ indicated that 
a photostationary state (PSS) was reached in 10 h at -40°C. Characteristic signals in the 
1H 
NMR spectra are the low-field shift of the protons in the aliphatic region from G 2.35 (Hc) 
and 1.15 (CH3) (for stable 45) to 2.78 (Hc) and 1.45 (CH3) ppm (for unstable isomer 45’) as 
shown in Figure 22b. In addition, two absorptions correspond to the stable isomer 45 (G 
3.15 (Hb) and 4.07 ppm (Ha)) shift up-field to the corresponding unstable 45’ appearing at 
3.06 and 3.75 ppm, respectively. However in this case of nanocar 45, we did not observe 
another signal overlapping on the proton c (Hc) as described in case of bis-acetylene motor 
32 (Figure 20).         
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Figure 22. 
1H NMR spectra (500 MHz, toluene-d8) of isomers formed after photochemical 
and thermal steps of nanocar 45. a) Stable isomer 45. b) After irradiation with O > 365 nm 
for 10 h, the PSS of photochemical step of the stable 45 provided the unstable isomers 45’ 
(the arrows indicated the increase of protons of unstable isomer 45’). c) Stable 45 obtained 
after thermal helix inversion at rt for 30 min. All 
1H NMR spectra were obtained at -40°C. 
It is very difficult to conclude how many isomers we have after this photoisomerization 
process as 
1H NMR spectrum of 45 in Figure 22b is much simpler than anticipated. It is 
possible that all four molecular motors on nanocar 45 are sufficiently far apart from each 
other that they have no influence on each other. That is why the 
1H NMR spectra do not 
show complicated asymmetric pattern of different isomers. Due to the complex system, we 
can only say that the ratio of unstable nanocar 45’ and stable nanocar 45 of the whole 
system is around 54: 46. Warming up the sample solution to rt for 30 min and subsequent 
cooling restores the original spectrum without observation of photodegradation at -40°C 
(Figure 22c). Based on these UV/Vis and 
1H NMR spectroscopic data, it can be concluded 
that the molecular motor moieties of the nanocar 45 still show similar dynamic behavior as 
observed for systems with single molecular motors. 
As a result of the synthetic pathway for the preparation of molecular nanocar 45, we 
have obtained a racemic mixture. Before preparing the pure meso-isomer of this compound 
we decided first to study if we can deposit the racemic mixture on the surface and study the 
single molecules by means of STM.   From Molecular Motors to Autonomous Movement of Molecular Nanocars 
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In collaboration with Tibor Kudernac and Nathalie Katsonis from our group, scanning 
tunneling microscopy (STM) experiments at room temperature were performed. In order to 
establish the adsorption properties and dynamic behavior (movement) of a racemic mixture 
of compound 45 on solid conductive surfaces (highly ordered pyrolitic graphite (HOPG), 
Au (111), pentacontane modified HOPG). Various conditions were tested including 
measurements at liquid/solid interfaces with tetradecane or 1,2,4-trichlorobenzene as 
solvents as well as measurements of dry samples obtained by drop-casting of hexane or 
dichloromethane solutions of 45. These preliminary experiments did not show any evidence 
for the adsorption of individual molecules or formation of molecular assemblies of 45. The 
possible reason for the failure of visualization of 45 on the surfaces might be fast diffusion 
of the molecule on the surfaces at ambient temperatures in comparison with the time scale 
of the STM scanning. Future STM visualization experiments will be focused on systems at 
low temperatures and ultra-high vacuum (UHV) to ensure minimal molecular diffusion. 
5.3   Conclusions 
Two approaches toward a molecular nanocar that should be capable of displaying 
directed motion in two dimensions on a surface have been described. One of two routes 
provided a molecular nanocar which is composed of four molecular motors attached to a 
central frame in one molecule. Due to the difficult synthetic procedure, the molecular 
nanocar was obtained as a mixture of stereoisomers as we have used racemic motor 
molecules to attach to the chassis. It is still possible to make the meso-isomer nanocar if we 
can make first the meso-half-nanocar [(R,S)-isomer] which can be elaborated further to 
provide meso-(R,S-R,S)-nanocar. 
The photochemical and thermal isomerization processes of nanocar and related 
compounds were studied (mono-acetylene motor and bis-acetylene motor). First, acetylene 
and bis-acetylene motors showed similar motor behavior as it was observed for our second-
generation molecular motor systems. Although at low temperature (-50°C) it is still not 
clear for the bis-acetylene motor if it goes to the state of unstable-unstable isomer or just 
stable-unstable isomer. However, no photodegradation was observed for this bis-acetylene 
molecule and the mono-acetylene case. Subsequently, molecular nanocar with four 
molecular motor units has been studied using the same techniques and it was found that the 
behavior of molecular motor is still the same as we have observed for the mono- and bis-
acetylene motors. The half-life times of nanocar and related-motor compounds, with respect 
to the thermal step from unstable to stable isomers, are found to be in the same range of 
four to five minutes at room temperature. 
In addition, preliminary STM experiments at ambient temperature have been 
performed but so far no evidence for adsorption of individual molecules on gold surfaces or 
formation of molecular assemblies of the nanocar has been found. However, we anticipate 
that if this nanocar can be sublimed and studied by using different STM experiments, such 
as in ultra-high vacuum at very low temperature it might be possible to observe single 
molecules or a self-assembly monolayer of molecular nanocars.  
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5.5   Experimental Section 
For information regarding synthesis and characterization and general experimental details, 
see Chapter 2. All photochemical experiments were carried out using a Spectroline model 
ENB-280C/FE lamp at O = 365 nm, ± 30 nm. Samples irradiated for 
1H NMR spectroscopic 
analysis were placed 2-3 cm from the lamp. Photostationary states were determined by 
monitoring composition changes with time by taking UV/Vis spectra or 
1H NMR spectra at 
distinct intervals until no additional changes were observed. Kinetic analysis of the thermal 
isomerization steps was performed by UV/Vis spectroscopy. Changes in UV/Vis 
absorptions were measured at different temperatures. From the obtained data the rate 
constants (k) were obtained and an Eyring plot was made for thermal step and ǻ
‡H°,
 ǻ
‡S°, 
ǻ
‡G and t1/2 (at 20 °C) of all motors were calculated from these data. 
Experimental section for the synthesis of all compounds 
 
3,6-dibromo-9-(1,2-dichlorovinyl)-9H-carbazole (13): Commercially available 3,6-
dibromo-9H-carbazole (12) (0.5 g, 1.54 mmol) was dissolved in dry toluene (100 mL) and 
tBu4NCl (10 mol%, 200 mg) and KO
tBu (3 equiv, 525 mg) were added. The mixture was 
heated to 100 
oC for 2 h and then cooled down to room temperature. 1,1,2-Trichloroethene 
(3 equiv, 0.5 mL) and dry Et2O (2 mL) were added and the reaction mixture heated to 
100°C for 5-6 h (conversion followed by TLC). After cooling down to room temperature, 
the reaction mixture was quenched with an aq. solution of NaCl (sat.) and extracted with 
EtOAc. The solvent was removed under vacuum and the black residue was purified by 
column chromatography (Pentane: DCM; 20: 5) to yield 13 as a white solid (0.55 g, 1.309 
mmol, 85 %). 
1H NMR (400 MHz, CDCl3) į = 8.11 (d, J = 1.9 Hz, 2H), 7.60 (dd, J = 8.6, 
1.9 Hz, 2H), 7.27 (d, J = 8.6 Hz, 2H), 6.81 (s, 1H). 
13C NMR (101 MHz, CDCl3) į = 
137.27, 129.93, 126.14, 124.85, 123.46, 118.15, 114.93, 112.51. HRMS (M
+): calcd. for 
C14H7Br2Cl2N: 418.8296, found 418.8269. 
N
Br Br
 
3,6-dibromo-9-ethynyl-9H-carbazole (10): Compound 13 (50 mg, 0.12 mmol) was 
dissolved in dry Et2O (10 mL) and the solution cooled down to -40
°C. n-BuLi (1.6 M in From Molecular Motors to Autonomous Movement of Molecular Nanocars 
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hexane) (2.2 equiv, 0.26 mmol, 0.163 mL) was added dropwise and the reaction mixture 
was stirred for 2 h at 0
°C. The reaction mixture was quenched with brine at -40
°C, followed 
by extraction with EtOAc (2×10 mL). The solvent was dried and removed in vacuum and 
the residue purified by column chromatography (SiO2, Pentane) to afford 10 as a white 
solid (37.8 mg, 0.108 mmol, 90 %). 
1H NMR (300 MHz, CDCl3) į = 8.08 (s, 2H), 7.63 (dd, 
J = 8.6 Hz, 1.8, 2H), 7.51 (d, J = 8.6 Hz, 2H), 3.46 (s, 1H). 
13C NMR (75 MHz, CDCl3) į = 
139.54, 130.52, 124.13, 123.62, 115.68, 113.06, 71.69, 63.81. HRMS (M
+ +1): calcd. for 
C14H8Br2N: 349.8997, found 349.8998. 
 
9-((2,5-bis(decyloxy)-4-iodophenyl)ethynyl)-3,6-dibromo-9H-carbazole (8): Compound 
11 (2 equiv, 93 mg, 0.143 mmol) was dissolved in dry 
iPr2NH (4 mL) and dry toluene (2 
mL) and the solution was degassed via three freeze-pump-thaw cycles. Pd(PPh3)4 (10 
mol%) and CuI (7 mol%) were added and the reaction mixture was heated at 65
°C. 
Compound 10 (1 equiv, 0.07 mmol, 25 mg) was slowly added (using a syringe pump) in 3 h 
to the reaction mixture and stirring was continued at the same temperature for 16 h. After 
cooling down to room temperature, the reaction mixture was filtered over celite and the 
celite cake washed with DCM and EtOAc. The solvents were removed in vacuum and the 
solid residue purified by column chromatography (SiO2, Pentane: DCM; 20: 8) to yield 8 as 
a white solid (67.8 mg, 0.079 mmol, 55 %). 
1H NMR (400 MHz, CDCl3) į = 8.04 (s, 2H), 
7.62 (br s, 4H), 7.31 (s, 1H), 6.90 (s, 1H), 3.99 (t, J = 6.4 Hz, 4H), 1.85 (dq, J = 12.7, 6.4 
Hz, 4H), 1.61-1.45 (m, 4H), 1.41-1.14 (m, 24H), 0.88 (t, J = 6.9 Hz, 6H). 
13C NMR (101 
MHz, CDCl3) į = 153.66, 151.77, 139.20, 130.06, 123.96, 123.34, 122.91, 115.28, 114.89, 
112.91, 112.32, 86.87, 82.20, 72.03, 70.22, 69.45, 31.90, 31.86, 31.74, 29.64, 29.57, 29.51, 
29.33, 29.24, 26.16, 26.09, 22.68, 22.65, 14.11. HRMS (M
+ +1): calcd. for C40H51Br2INO2: 
862.1331, found 862.1336. 
 
9-((2,5-bis(decyloxy)-4-((trimethylsilyl)ethynyl)phenyl)ethynyl)-3,6-dibromo-9H-
carbazole (16): Compound 8 (47 mg, 0.054 mmol) was dissolved in dry Et3N (5 mL) and 
the solution was degassed via three freeze-pump-thaw cycles. PdCl2(PPh3)2 (2 mol%), CuI 
(4 mol%) and trimethylsilylacetylene (1.1 equiv) were added and the reaction mixture 
stirred at room temperature for 16 h. The reaction mixture was filtered over celite and the 
celite cake washed with DCM (10 mL) and EtOAc (10 mL). The solvents were removed in 
vacuum and the crude product purified by column chromatography (SiO2, Pentane: DCM; 
20: 8) to yield 16 as a pale yellow viscous oil (36.4 mg, 0.044 mmol, 81 %). 
1H NMR (400 
MHz, CDCl3) į = 8.10 (s, 2H), 7.66-7.59 (m, 4H), 6.99 (s, 1H), 6.98 (s, 1H), 4.03 (q, J = 
6.5 Hz, 4H), 3.36 (s, 1H), 1.95-1.77 (m, 4H), 1.60-1.47 (m, 4H), 1.27 (m, 24H), 0.87 (t, J =  
 
 
188 
 
 
Chapter 5 
 
6.9 Hz, 6H), 0.28 (s, 9H). 
13C NMR (101 MHz, CDCl3) į = 154.45, 153.04, 139.56, 130.39, 
124.31, 123.65, 116.70, 116.10, 115.60, 113.29, 101.34, 100.30, 83.15, 72.69, 69.91, 69.49, 
32.11, 29.93, 29.90, 29.85, 29.82, 29.76, 29.71, 29.66, 29.57, 26.45, 26.30, 22.92, 14.36, 
0.23. HRMS (M
+ +1): calcd. for C45H60Br2NO2Si: 832.2760, found 832.2761. 
 
9-((2,5-bis(decyloxy)-4-ethynylphenyl)ethynyl)-3,6-dibromo-9H-carbazole (9): 
Compound 16 (56 mg, 0.065 mmol) was dissolved in MeOH (2 mL) and THF (2 mL) and 
K2CO3 (2 equiv) was added. The reaction mixture was stirred at rt for 2 h and then 
quenched with aq. NH4Cl (5 mL) and extracted with EtOAc (2×20 mL). The organic phase 
was dried over MgSO4, the solvent evaporated under vacuum and the residue purified by 
flash chromatography over a short path of silica gel (Pentane: DCM; 20: 8) to afford 9 as a 
viscous oil (44.5 mg, 0.059 mmol, 90 %). 
1H NMR (400 MHz, CDCl3) į = 8.08 (s, 2H), 
7.61 (br s, 4H), 7.00 (s, 2H), 4.05 (t, J = 6.5 Hz, 4H), 1.95-1.78 (m, 4H), 1.61-1.45 (m, 4H), 
1.27 (m, 24H), 0.87 (t, J = 6.9 Hz, 6H). 
13C NMR (101 MHz, CDCl3) į = 154.4, 153.0, 
139.5, 130.4, 129.9, 124.3, 123.6, 117.1, 116.0, 115.6, 113.6, 113.2, 112.4, 83.2, 82.5, 80.2, 
72.6, 70.0, 69.5, 32.2, 32.1, 30.0, 29.9, 29.9, 29.8, 29.7, 29.7, 29.6, 29.6, 29.5, 26.4, 26.2, 
22.9, 14.4. HRMS (M
++1): calcd. for C42H52Br2NO2: 760.2365, found 760.2372.  
 
1,2-bis(2,5-bis(decyloxy)-4-((3,6-dibromo-9H-carbazol-9-yl)ethynyl)phenyl)ethyne (7): 
compound 8 (34 mg, 0.039 mmol) was dissolved in dry Et3N (5 mL) and the solution was 
degassed via three freeze-pump-thaw cycles. PdCl2(PPh3)2 (2 mol%) and CuI (4 mol%) 
were added and the reaction mixture stirred at room temperature for 10 min. Compound 9 
(1 equiv., 0.034 mmol, 30 mg) dissolved in 4 mL of THF was slowly added over 3 h period 
(with syringe pump) to the reaction mixture and stirring was continued at room temperature 
for 16 h. The reaction mixture was filtered over celite and the celite cake washed with 
DCM (15 mL) and EtOAc (15 mL). The solvents were removed in vacuum and the residue 
purified by column chromatography (Pentane: DCM, 20: 8) to yield 7 as a white solid (27.9 
mg, 0.019 mmol, 55 %). 
1H NMR (400 MHz, CDCl3) į = 8.12 (s, 4H), 7.63 (br s, 8H), 7.03 
(s, 2H), 7.02 (s, 2H), 4.05 (t, J = 6.5 Hz, 8H), 1.95-1.78 (m, 8H), 1.61-1.45 (m, 8H), 1.27 
(m, 48H), 0.87 (t, J = 6.9 Hz, 12H). 
13C NMR (75 MHz, CDCl3) į = 155.29, 153.79, 
153.30, 153.03, 139.59, 139.54, 131.07, 130.42, 129.01, 124.38, 124.33, 123.68, 118.70, 
116.55, 115.98, 115.70, 115.61, 114.21, 113.27, 113.04, 112.37, 91.69, 83.82, 83.17, 79.79, 
79.50, 72.79, 70.20, 69.52, 32.13, 32.09, 29.90, 29.55, 26.45, 26.20, 22.90, 14.32. HRMS 
(M
+ +1): calcd. for C82H101Br4N2O4: 1493.4495, found 1493.4498. From Molecular Motors to Autonomous Movement of Molecular Nanocars 
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4-(1-(9H-fluoren-9-ylidene)-2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-5-yl)-
2-methylbut-3-yn-2-ol (20): Compound 17 (83.2 mg, 0.197 mmol) was dissolved in dry 
Et3N (10 mL) and the solution was degassed via three freeze-pump-thaw cycles. 
PdCl2(PPh3)2 (5 mol%), CuI (8 mol%) and 2-methyl-3-butyn-2-ol (2 equiv) were added and 
the reaction mixture stirred at 60°C for 24 h. Filtration over celite was followed by washing 
of the celite cake with DCM (10 mL) and EtOAc (10 mL). The solvents were dried and 
removed in vacuum and the residue purified by column chromatography (Pentane: EtOAc; 
9: 1) to yield 20 as a pale yellow viscous oil (47 mg, 0.110 mmol, 56 %). 
1H NMR (400 
MHz, CDCl3) į = 8.43 (d, J = 8.3 Hz, 1H), 7.97 (dd, J = 6.0, 2.8 Hz, 1H), 7.86 – 7.80 (m, 
2H), 7.77 – 7.73 (m, 2H), 7.55 (t, J = 7.6 Hz, 1H), 7.35 (t, J = 7.6 Hz, 2H), 7.25 – 7.18 (m, 
2H), 6.78 (t, J = 7.1 Hz, 1H), 6.68 (d, J = 7.9 Hz, 1H), 4.36 – 4.29 (m, 1H), 3.54 (dd, J = 
15.1, 5.7 Hz, 1H), 2.72 (d, J = 15.1 Hz, 1H), 1.78 (s, 6H), 1.38 (d, J = 6.7 Hz, 3H). 
13C 
NMR (75 MHz, CDCl3)  į = 150.42, 146.37, 140.42, 139.89, 137.57, 137.22, 134.40, 
132.74, 131.54, 129.96, 129.81, 128.78, 128.44, 128.07, 127.41, 127.24, 126.97, 126.43, 
126.22, 126.04, 124.38, 122.77, 119.95, 119.25, 100.79, 80.96, 66.15, 45.50, 31.95, 31.86, 
14.45, 14.42.. HRMS (M
+): calcd. for C32H26O: 426.1984, found 426.1985. 
 
9-(5-ethynyl-2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-ylidene)-9H-
fluorene (19): Compound 20 (89 mg, 0.208 mmol) was dissolved in toluene (10 mL) and 
then NaOH (1.2 equiv) was added. The reaction mixture was stirred at 100°C for 5 h and 
then quenched with an aq. NH4Cl (5 mL) and extracted with EtOAc (2×20 mL). The 
organic phase was dried over MgSO4, the solvent evaporated under vacuum and the residue 
purified by flash chromatography over a short path of silica gel (Pentane: EtOAc; 98: 2) to 
afford 19 as a yellow solid (56.5 mg, 0.156 mmol, 75 %). 
1H NMR (400 MHz, CDCl3) į 
8.49 (d, J = 8.2 Hz, 1H), 7.99-7.96 (m, 1H), 7.86-7.81 (m, 3H), 7.75 (d, J = 7.2 Hz, 1H), 
7.56 (t, J = 7.7 Hz, 1H), 7.42-7.33 (m, 2H), 7.24-7.19 (m, 1H), 6.81-6.77 (m, 1H), 6.68 (d, 
J = 8.0 Hz, 1H), 4.38-4.31 (m, 1H), 3.62 (s, 1H), 3.56 (dd, J = 15.4, 5.7 Hz, 1H), 2.75 (d, J 
= 15.1 Hz, 1H), 1.39 (d, J = 6.7 Hz, 3H). 
13C NMR (101 MHz, CDCl3) į 150.02, 147.35, 
145.98, 140.23, 139.63, 137.89, 136.95, 132.78, 131.55, 129.50, 129.02, 127.83, 127.24, 
127.17, 127.05, 127.02, 126.76, 126.34, 126.01, 125.84, 124.18, 121.84, 119.72, 119.01, 
83.40, 82.18, 45.31, 41.61, 19.22. HRMS (M
++Na): calcd. for C29H20Na: 391.1463, found 
391.1471.  
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3,6-dibromo-9-((2,5-didodecyl-4-iodophenyl)ethynyl)-9H-carbazole (26): Compound 25 
(2 equiv, 236 mg, 0.35 mmol) was dissolved in dry 
iPrNH (4 mL) and dry toluene (2 mL) 
and the solution was degassed via three freeze-pump-thaw cycles. Pd(PPh3)4 (10 mol%) and 
CuI (7 mol%) were added and the reaction mixture heated at 65
°C. Compound 10 (1 equiv, 
0.18 mmol, 62 mg) was slowly added over a 3 h period (with syringe pump) and the 
reaction mixture was stirred at the same temperature for 16 h. After cooling down to room 
temperature, the mixture was filtered over celite and the celite cake washed with DCM (20 
mL) and EtOAc (20 mL). The solvents were removed in vacuum and the solid residue 
purified by column chromatography (SiO2, Pentane) to yield 26 as a white solid (55.9 mg, 
0.063 mmol, 35 %); mp 89-90
°C. 
1H NMR (400 MHz, CDCl3) į 8.10 (d, J = 1.7 Hz, 2H), 
7.72 (s, 1H), 7.63 (dd, J = 8.5, 1.6 Hz, 2H), 7.54 (d, J = 8.6 Hz, 2H), 7.37 (s, 1H), 2.80 (t, J 
= 8.0 Hz, 2H), 2.69 (t, J = 8.0 Hz, 2H), 1.71 (m, 2H), 1.61 (m, 2H), 1.47-1.11 (m, 36H), 
0.87 (t, J = 6.8 Hz, 6H). 
13C NMR (75 MHz, CDCl3) į = 143.30, 143.07, 139.62, 139.35, 
132.06, 130.26, 124.06, 123.49, 121.66, 115.37, 112.74, 100.78, 81.35, 73.65, 40.26, 34.10, 
31.91, 30.70, 30.31, 29.65, 29.34, 22.68, 14.12. HRMS: calcd. for C44H59Br2IN (M
++1): 
888.2033, found 888.2001. 
 
3,6-dibromo-9-((2,5-didodecyl-4-((trimethylsilyl)ethynyl)phenyl)ethynyl)-9H-
carbazole (27): Compound 26 (47 mg, 0.053 mmol) was dissolved in dry Et3N (10 mL) 
and the solution was degassed via three freeze-pump-thaw cycles. PdCl2(PPh3)2 (2 mol%), 
CuI (4 mol%) and trimethylsylilacetylene (1.1 equiv) were added and the reaction mixture 
stirred at room temperature for 16 h. The reaction mixture was filtered over celite and the 
celite cake washed with DCM and EtOAc. The solvents were removed in vacuum and the 
solid residue purified by column chromatography (SiO2, Pentane: DCM; 20: 1) to yield 27 
as a pale yellow viscous oil (36.4 mg, 0.042 mmol, 80 %). 
1H NMR (300 MHz, CDCl3) į = 
8.07 (s, 2H), 7.61 (d, J = 8.6 Hz, 2H), 7.53 (d, J = 8.5 Hz, 2H), 7.36 (s, 1H), 7.33 (s, 1H), 
2.78 (m, 4H), 1.80-1.59 (m, 4H), 1.26 (m, 36H), 0.85 (t, J = 6.4 Hz, 6H), 0.27 (s, 9H). 
HRMS: calcd. for C49H68NBr2Si (M
++1): 858.3462, found 858.3466. 
N
Br
Br
C12H25
C12H25
H
 
3,6-dibromo-9-((2,5-didodecyl-4-ethynylphenyl)ethynyl)-9H-carbazole (28): Compound 
27 (56 mg, 0.065 mmol) was dissolved in MeOH (2 mL) and THF (2 mL) and K2CO3 (2 From Molecular Motors to Autonomous Movement of Molecular Nanocars 
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equiv.) was added. The reaction mixture was stirred at room temperature for 2 h and then 
quenched with aq. NH4Cl (5 mL) and extracted with EtOAc (3×20 mL). The organic phase 
was dried over MgSO4, the solvent evaporated under vacuum and the residue purified by 
flash chromatography over a short path of silica gel (Pentane: DCM; 1: 1) to afford 28 as a 
viscous oil (45.9 mg, 0.059 mmol, 90 %). 
1H NMR (400 MHz, CDCl3) į = 8.10 (d, J = 1.8 
Hz, 2H), 7.64 (dd, J = 8.6, 1.9 Hz, 2H), 7.56 (d, J = 8.6 Hz, 2H), 7.39 (s, 1H), 7.38 (s, 2H), 
2.84 (t, J = 8.0 Hz, 2H), 2.78 (t, J = 8.0 Hz, 2H), 1.80-1.59 (m, 4H), 1.41-1.09 (m, 36H), 
0.87 (t, J = 6.5 Hz, 6H). 
13C NMR (101 MHz, CDCl3) į = 143.07, 141.25, 139.37, 133.19, 
133.13, 131.99, 131.93, 130.27, 124.08, 123.49, 122.02, 121.39, 115.38, 112.77, 82.32, 
81.86, 81.55, 74.15, 34.36, 33.94, 31.91, 30.64, 30.31, 29.66, 29.61, 29.54, 29.34, 22.68, 
14.12. HRMS: calcd. for C49H60Br2N (M
++1): 786.3067, found 786.3061. 
 
1,2-bis(4-((3,6-dibromo-9H-carbazol-9-yl)ethynyl)-2,5-didodecylphenyl)ethyne (29): 
Compound 26 (29 mg, 0.033 mmol) was dissolved in dry 
iPr2NEt (5 mL) and dry THF (5 
mL) and the solution was degassed via three freeze-pump-thaw cycles. Pd(dba)2 (5 mol%), 
CuI (5.2 mol%) and PPh3 (20 mol%) were added and the reaction mixture heated at 65
°C. 
Compound 28 (1 equiv, 0.033 mmol, 26 mg) dissolved in 4 mL of THF was slowly added 
over 3 h (with a syringe pump) to the reaction mixture and stirring was continued at 65
°C 
for 16 h. After cooling down to room temperature, the reaction mixture was filtered over 
celite and the celite cake washed with DCM and EtOAc. The solvents were removed in 
vacuum and the solid residue purified by column chromatography (SiO2, Pentane: DCM; 
20: 4) to yield 29 as a white solid (28 mg, 0.018 mmol, 55 %). 
1H NMR (400 MHz, CDCl3) 
į = 8.13 (d, J = 1.8 Hz, 4H), 7.66 (dd, J = 8.6, 1.8 Hz, 4H), 7.59 (d, J = 8.6 Hz, 4H), 7.45 
(s, 2H), 7.43 (s, 2H), 2.88 (m, 8H), 1.81-1.67 (m, 8H), 1.36-1.15 (m, 72H), 0.86 (t, J = 6.8 
Hz, 12H). 
13C NMR (101 MHz, CDCl3)  į = 142.44, 141.68, 139.67, 132.87, 132.36, 
130.54, 124.36, 123.77, 123.01, 121.76, 115.63, 113.07, 93.19, 82.12, 74.60, 34.73, 34.51, 
32.15, 31.03, 30.55, 29.97, 29.92, 29.58, 22.92, 14.35. HRMS: calcd. for C90H117Br4N2 
(M
++1): 1545.5904, found 1546.5861. 
 
1,2-bis(4-((3,6-diiodo-9H-carbazol-9-yl)ethynyl)-2,5-didodecylphenyl)ethyne (30): 
Compound 29 (10 mg, 0.006 mmol) was dissolved in dry 1,4-dioxane (1 mL) and N,N-
dimethylcyclohexane-1,2-diamine (20 mol%), CuI (10 mol%) and dried NaI (6 equiv) were 
added and the reaction mixture stirred at 130
°C for 48 h. The reaction mixture was filtered 
over celite and the celite cake washed with DCM (20 mL). The solvents were removed in 
vacuum and the solid residue purified by column chromatography (SiO2, Pentane: DCM; 
20: 1) to yield 30 as a pale yellow solid (10.1 mg, 0.0058 mmol, 97 %). 
1H NMR (500  
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MHz, CDCl3) į = 8.35 (s, 4H), 7.85 (d, J = 9.0 Hz, 4H), 7.52 (d, J = 8.3 Hz, 4H), 7.47 (s, 
2H), 7.45 (s, 2H), 2.91 (m, 8H), 1.78 (m, 8H), 1.34-1.12 (m, 72H), 0.89 (t, J = 6.9 Hz, 
12H). HRMS: calcd. for C90H117I4N2 (M
++1): 1733.5395, found 1733.5404. 
 
3,6-diiodo-9-(4-nitrophenyl-9H-carbazole (35): A mixture of diiodocarbazole 34 (1.0 g, 
2.38 mmol) and p-fluoronitrobenzene (4 equiv, 9.52 mmol, 1.0 mL) was dissolved in dry 
DMF (30 mL). Potassium carbonate (8 equiv, 19 mmol, 2.6 g) was added and the reaction 
mixture was heated at reflux for 16 h. The solvent was removed by evaporation and the 
residue was purified by column chromatography (SiO2, Pentane: DCM; 1: 1) to yield 35 as 
a pale yellow solid (0.93 g, 1.71 mmol, 72 %). 
1H NMR (400 MHz, DMSO) į = 8.72 (s, 
2H), 8.48 (d, J = 8.2 Hz, 2H), 7.93 (d, J = 8.2 Hz, 2H), 7.74 (d, J = 8.7 Hz, 2H), 7.35 (d, J = 
8.7 Hz, 2H). 
13C NMR (75 MHz, DMSO) į = 146.56, 142.61, 139.34, 135.82, 130.38, 
127.86, 126.32, 125.30, 113.00, 85.35. HRMS: calcd. for C18H10I2N2O2 (M
+): 539.8826, 
found 539.8837. 
N
I
I
NH2
 
4-(3,6-diiodo-9H-carbazol-9-yl)aniline (36): Compound 35 (887 mg, 1.64 mmol) was 
dissolved in ethanol (200 mL) and then SnCl2 (50 equiv) was added. The reaction mixture 
was heated at reflux for 16 h. After cooling down to room temperature, the solvent was then 
removed in vacuum and aq. 2M NaOH (150 mL) was added to the residue and the mixture 
stirred at 0
°C for 30 min. After extraction with EtOAc (4×50 mL), the organic phase was 
dried with MgSO4 and the solvent removed under vacuum. The residue was purified by 
column chromatography (SiO2, Pentane: DCM; 1: 1) to yield 36 as a white solid (652 mg, 
1.28 mmol, 78 %). 
1H NMR (400 MHz, CDCl3) į = 8.37 (d, J = 1.2 Hz, 2H), 7.64 (dd, J = 
8.6, 1.7 Hz, 2H), 7.20 (d, J = 8.7 Hz, 2H), 7.07 (d, J = 8.6 Hz, 2H), 6.85 (d, J = 8.7 Hz, 
2H), 3.90 (s, 2H). 
13C NMR (101 MHz, CDCl3) į = 146.4, 140.65, 134.67, 129.16, 128.26, 
126.8, 124.03, 115.88, 112.02, 82.36. HRMS: calcd. for C18H11I2N2 (M
+-1): 508.9006, 
found 508.9032. 
 
4-(3,6-bis((triisopropylsilyl)ethynyl)-9H-carbazol-9-yl)aniline (37): Compound 36 (200 
mg, 0.39 mmol) was dissolved in dry Et3N (20 mL) and the solution was degassed via three From Molecular Motors to Autonomous Movement of Molecular Nanocars 
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freeze-pump-thaw cycles. PdCl2(PPh3)2 (10 mol%, 28 mg), CuI (20 mol%, 15 mg) and 
triisopropylsilylacetylene (4 equiv, 1.6 mmol, 0.370 mL) were added and the reaction 
mixture heated at 90
°C for 16 h. After cooling down to room temperature, the mixture was 
filtered over celite and the celite cake washed with DCM (20 ml) and EtOAc (20 mL). The 
solvents were removed in vacuum and the residue purified by column chromatography 
(SiO2, Pentane: DCM; 10: 15) to yield 37 as a pale yellow solid (195 mg, 0.32 mmol, 81 
%). 
1H NMR (400 MHz, CDCl3) į = 8.30 (s, 2H), 7.55 (d, J = 8.4 Hz, 2H), 7.22 (d, J = 8.4 
Hz, 4H), 6.84 (d, J = 8.1 Hz, 2H), 3.87 (br s, 2H), 1.18 (s, 42H). 
13C NMR (101 MHz, 
CDCl3) į = 146.6, 141.7, 130.5, 128.5, 127.3, 124.8, 124.7, 122.7, 116.1, 115.1, 110.1, 
108.5, 88.5, 19.0, 11.7. HRMS: calcd. for C40H55N2Si2 (M
++1): 619.3904, found 619.3915. 
 
9-(4-iodophenyl)-3,6-bis((triisopropylsilyl)ethynyl)-9H-carbazole (38): Compound 37 
(194 mg, 0.31 mmol) was dissolved in acetonitrile (10 mL) and H2O (10 mL). Conc. HCl 
(0.7 mL) was added at 0
°C and the mixture stirred until it turned yellow. NaNO2 (2 equiv, 
43 mg) in H2O (1 mL) was added at 0
°C, and the reaction mixture turned immediately 
orange. The reaction mixture was stirred at rt for another 1.5 h. Subsequently, KI (5 equiv, 
260 mg) in H2O (2 mL) was added and the reaction mixture was stirred at 100
°C for 2 h, 
quenched with aq. NH4Cl and extracted with DCM (30 mL). The organic phase was dried 
with MgSO4 and the solvent removed under vacuum. The residue was purified by column 
chromatography (SiO2, Pentane) to yield 38 as a pale yellow solid (174 mg, 0.24 mmol, 77 
%). 
1H NMR (400 MHz, CDCl3) į = 8.29 (s, 2H), 7.95 (d, J = 8.4 Hz, 2H), 7.56 (dd, J = 
8.5, 1.4 Hz, 2H), 7.28 (d, J = 8.4 Hz, 4H), 1.21 (s, 42H). 
13C NMR (101 MHz, CDCl3) į = 
140.40, 139.24, 136.60, 130.51, 128.71, 124.58, 122.89, 115.72, 109.56, 107.79, 92.77, 
88.77, 29.70, 18.75, 11.41. HRMS: calcd. for C40H53INSi2 (M
++1): 730.2756, found 
730.2730. 
 
9-(4-((4-((4-(3,6-bis((triisopropylsilyl)ethynyl)-9H-fluoren-9-yl)phenyl)ethynyl)-2,5-
bis(decyloxy)phenyl)ethynyl)phenyl)-3,6-bis((triisopropylsilyl)ethynyl)-9H-carbazole 
(41): Compound 38 (108 mg, 0.15 mmol) was dissolved in dry 
iPr2NEt (10 mL) and dry 
THF (10 mL) and the solution was degassed via three freeze-pump-thaw cycles. Pd(dba)2 
(10 mol%, 14 mg), CuI (10.4 mol%, 3.1 mg) and PPh3 (40 mol%, 16 mg) were added and 
the reaction mixture was stirred and heated at 65
°C. Compound 40 (0.45 equiv, 0.067 
mmol, 48.2 mg) dissolved in 4 mL of THF was slowly added over 3 h period (with a 
syringe pump) to the reaction mixture and stirring was continued at the same temperature  
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for 16 h. After cooling down to rt, the reaction mixture was filtered over celite and the 
celite cake washed with DCM (20 mL) and EtOAc (20 mL). The solvents were removed in 
vacuum and the solid residue purified by column chromatography (SiO2, Pentane: DCM; 
20: 4) to yield 41 as a viscous oil (86.2 mg, 0.053 mmol, 35 %). 
1H NMR (300 MHz, 
CDCl3) į = 8.27 (s, 4H), 7.78 (d, J = 8.0 Hz, 4H), 7.54 (t, J = 7.3 Hz, 8H), 7.33 (d, J = 8.5 
Hz, 4H), 7.09 (s, 2H), 4.08 (t, J = 6.2 Hz, 4H), 1.87 (m, 4H), 1.57 (m, 4H), 1.22 (br s, 8H), 
1.18 (br s, 92H), 0.80 (m, 6H). 
13C NMR (75 MHz, CDCL3) į = 154.04, 140.75, 136.91, 
133.41, 130.74, 126.97, 124.82, 123.35, 123.22, 117.20, 115.96, 114.19, 109.99, 108.10, 
94.25, 89.00, 87.59, 69.91, 32.13, 29.94, 29.84, 29.69, 29.60, 26.37, 22.89, 18.98, 14.34, 
14.30, 11.66. HRMS: calcd. for C110H149N2O2Si4 (M
++1): 1642.0696, found 1642.0699. 
 
9-(4-((2,5-bis(decyloxy)-4-((4-(3,6-diethynyl-9H-fluoren-9-
yl)phenyl)ethynyl)phenyl)ethynyl)phenyl)-3,6-diethynyl-9H-carbazole (42): Compound 
41 (87 mg, 0.053 mmol) was dissolved in THF (1 mL) and TBAF (1 M in THF, 6 equiv, 
0.423 mL) was added at 0
°C. The reaction mixture was stirred for 16 h, the solvent 
evaporated and the residue purified by flash chromatography over a short path of silica gel 
with DCM as eluent (30 mL) to yield 42 as a yellow solid (51.7 mg, 0.051 mmol, 96 %); 
mp 165-167
oC. 
1H NMR (300 MHz, CDCl3) į = 8.26 (s, 4H), 7.77 (d, J = 8.1 Hz, 4H), 7.56 
(m, 8H), 7.34 (d, J = 8.1 Hz, 4H), 7.08 (s, 2H), 4.02 (m, 4H), 3.10 (s, 4H), 1.89 (m, 4H), 
1.50 (m, 4H), 1.19 (m, 24H), 0.95 (m, 6H). 
13C NMR (75 MHz, CDCL3) į = 153.80, 
140.82, 136.48, 133.21, 130.54, 128.81, 126.80, 124.75, 123.29, 122.91, 114.19, 113.02, 
110.01, 97.99, 93.96, 87.40, 84.37, 69.68, 31.88, 30.03, 29.69, 29.36, 26.12, 22.66, 14.12. 
HRMS: calcd. for C74H69N2O2 (M
++1): 1017.5359, found 1017.5311. 
 
3,6-bis((1-(9H-fluoren-9-ylidene)-2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-
5-yl)ethynyl)-9-(4-((4-((4-(3-((1-(9H-fluoren-9-ylidene)-2-methyl-2,3-dihydro-1H-
cyclopenta[a]naphthalen-5-yl)ethynyl)-6-ethynyl-9H-carbazol-9-yl)phenyl)ethynyl)-From Molecular Motors to Autonomous Movement of Molecular Nanocars 
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2,5-bis(decyloxy)phenyl)ethynyl)phenyl)-9H-carbazole (44): The iodo-motor 43 (6 
equiv) was dissolved in dry 
iPr2NEt (10 mL) and dry THF (10 mL) and the solution was 
degassed via three freeze-pump-thaw cycles. Pd(dba)2 (10 mol%), CuI (10.4 mol%) and 
PPh3 (40 mol%) were added and the reaction mixture stirred while heated at 65
°C. 
Compound 42 (1 equiv, 0.09 mmol, 91.7 mg) in 4 mL of THF was slowly added over 3 h 
(with a syringe pump) to the reaction mixture and stirring was continued at the same 
temperature for 16 h. After cooling down to room temperature, the mixture was filtered 
over celite and the celite cake washed with DCM (30 mL) and EtOAc (30 mL). The 
solvents were removed in vacuum and the residue purified by column chromatography 
(SiO2, Pentane: DCM; prep HPLC) to yield 44 as viscous red oil (39%, 72 mg, 0.035 
mmol). 
1H NMR (400 MHz, CDCl3) į = 8.73 (d, J = 8.4 Hz, 2H), 8.70 (d, J = 8.6 Hz, 1H), 
8.58 (s, 2H), 8.48 (s, 1H), 8.40 (s, 1H), 8.07-7.12 (m, 48H), 6.86 (t, J = 7.5 Hz, 3H), 6.79 
(m, 3H), 4.43-4.35 (m, 3H), 4.15 (m, 4H), 3.63 (dd, J = 14.7, 5.1 Hz, 3H), 3.17 (s, 1H), 
2.82 (dd, J = 15.0, 3.7 Hz, 3H), 1.96 (m, 4H), 1.62 (m, 4H), 1.51-1.15 (m, with one doublet 
at 1.45 (J = 6.6 Hz), 33H), 0.96-0.81 (m, 6H). 
13C NMR (75 MHz, CDCL3) į = 154.13, 
150.64, 146.67, 141.09, 141.04, 140.44, 139.98, 139.92, 137.33, 136.84, 135.47, 134.61, 
134.43, 133.54, 133.51, 132.83, 131.46, 130.85, 130.60, 129.99, 129.77, 129.27, 128.67, 
128.55, 128.46, 128.17, 127.88, 127.31, 127.24, 127.09, 126.43, 126.27, 126.16, 125.54, 
125.12, 124.62, 124.40, 123.85, 123.62, 123.48, 123.33, 119.96, 119.27, 117.27, 115.82, 
115.74, 114.57, 114.28, 110.55, 97.43, 97.38, 94.30, 87.84, 87.60, 87.53, 84.69, 69.98, 
45.53, 41.95, 32.18, 30.00, 29.89, 29.75, 29.70, 29.65, 26.43, 22.94, 22.87, 19.61, 14.37. 
MALDI-TOF MS (trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile 
as the matrix): m/z calcd for C155H122N2O2: 2042.9506, found 2043.9822 (M
++1). 
 
9,9'-(4,4'-(2,5-bis(decyloxy)-1,4-phenylene)bis(ethyne-2,1-diyl)bis(4,1-
phenylene))bis(3,6-bis((1-(9H-fluoren-9-ylidene)-2-methyl-2,3-dihydro-1H-
cyclopenta[a]naphthalen-5-yl)ethynyl)-9H-carbazole) (45): Compound 43 (2 equiv) was 
dissolved in dry 
iPr2NEt (10 mL) and dry THF (10 mL) and the solution was degassed via 
three freeze-pump-thaw cycles. Pd(dba)2 (10 mol%), CuI (10.4 mol%) and PPh3 (40 mol%) 
were added and the reaction mixture heated at 65
°C. Compound 44 (1 equiv, 72 mg, 0.035 
mmol) in 5 mL of THF was slowly added over 3 h period (with a syringe pump) to the 
reaction mixture and stirring was continued at the same temperature for 16 h. After cooling 
down to room temperature, the reaction mixture was filtered over celite and the celite cake  
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washed with DCM (30 mL) and EtOAc (30 mL). The solvents were removed in vacuum 
and the solid residue purified by column chromatography (SiO2, Pentane: DCM; prep. 
HPLC) to yield 45 as a red solid (17 mg, 0.007 mmol, 20 %); m.p.= 231.2-233.1°C. 
1H 
NMR (500 MHz, CDCl3) į = 8.73 (d, J = 8.3 Hz, 4H), 8.60 (s, 4H), 8.04 (s, 4H), 7.97 (s, 
4H), 7.90 (m, 10H), 7.84 (d, J = 8.4 Hz, 4H), 7.80 (d, J = 7.4 Hz, 4H), 7.69 (m, 7H), 7.55 
(d, J = 8.5 Hz, 4H), 7.44 (m, 12H), 7.28 (d, J = 10.5 Hz, 7H), 7.18 (s, 2H), 6.86 (t, J = 7.5 
Hz, 4H), 6.79 (d, J = 7.9 Hz, 4H), 4.44-4.38 (m, 4H), 4.18 (m, 4H), 3.65 (dd, J = 14.6, 4.9 
Hz, 4H), 2.84 (d, J = 14.9 Hz, 4H), 1.98 (m, 4H), 1.66 (m, 4H), 1.47 (d, J = 6.4 Hz, 12H), 
1.27 (m, 24H), 0.95-0.83 (m, 6H). 
13C NMR (126 MHz, CDCl3)  į = 153.87, 150.45, 
146.46, 140.86, 140.19, 139.74, 139.67, 137.10, 137.07, 136.59, 133.33, 132.58, 131.20, 
130.38, 129.75, 127.95, 127.14, 127.08, 127.02, 126.88, 126.21, 126.05, 125.91, 124.39, 
124.18, 123.59, 123.37, 119.75, 119.04, 116.96, 115.56, 113.98, 110.34, 97.17, 94.08, 
87.54, 87.33, 69.72, 45.32, 41.72, 31.96, 30.97, 29.79, 29.74, 29.68, 29.53, 29.44, 29.40, 
26.21, 22.74, 19.40, 14.17. MALDI-TOF MS (trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene]malononitrile as the matrix): m/z calcd for C182H140N2O2: 2387.0712, found 
2388.0936 (M
++1). 
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Chapter 6 
From Molecular Motors to 
Translational Movement of the 2
nd 
Design Molecular Nanocar 
 
This chapter described the synthesis and photochemistry of motor based nanocar 
molecules.  Furthermore, visualizations of individual molecules, and their 
movement on surfaces, using scanning tunneling microscopy (STM), were 
investigated and it had been shown that the directional translational movement 
originates from the concerted action of motor units. 
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6.1   Introduction 
Directional motion at the nanoscale is an intrinsic feature of nature’s biological motors 
and machines.
1 For instance, in living cells motor proteins powered by the hydrolysis of 
ATP move along microtubules in order to support several essential cellular functions.
2 Non-
diffusion translational motion along a surface, employing entirely synthetic systems, 
however remains an extremely challenging goal
3 mainly due to paucity of molecular 
engines that can convert energy into a continuous and directional mechanical action. In 
living systems chemically-driven protein motors travel along a defined trajectory as was 
recently demonstrated in the real-time observation of myosin V walking on actin filaments.
4 
Taking inspiration from biological molecular motors
1,3 chemically powered systems
5 
including DNA bio-hybrid walkers
6 as well as light- and redox-driven motors
7 have been 
designed. With a few exceptions
6 the motor function has been studied in solution, although 
light-driven unidirectional rotary motors
7c and a number of rotaxane translational systems
7d 
have been covalently attached to surfaces.
8 Recent attempts to control single molecule 
motion on surfaces are limited to directed Brownian motion ensured by free rotation of 
spherical “wheels”,
9 diffusion directed by surface geometry and specific binding,
10 non-
directional thermal spinning of molecules
11 and translation induced by dragging of 
molecules with an STM tip.
12 The molecules in these experiments are merely passive 
elements that diffuse along a preferential direction or are dragged by the action of the 
macroscopic constituent (STM tip).  
Achieving propulsion of a molecular machine on a surface beyond thermal diffusion 
requires the presence of an engine element within the molecule and the ability to power it. 
In this chapter we present a unique molecular movement along a surface demonstrating that 
a synthetic single molecule system can undergo directed translational motion as a result of 
the conversion of energy by the molecule into mechanical action in an autonomous manner. 
The distinctive feature, compared to all other molecular systems that translate across a 
surface, is that our molecules are designed with intrinsic motor units that can undergo 
specific and directional rotary motion upon fuelling. Electrons, as energy source, can allow 
for the selective addressing of individual molecules. Tunnelling electrons from an STM tip 
have been used previously to induce conformational switching by excitation of vibrational 
states as shown for porphyrins 1 (Figure 1a)
13 adsorbed on surfaces. Similarly 
configurational switching (isomerization) of azobenzenes 2 (Figure 1b)
14 and 2-butene 3 
(Figure 1c)
15 on surfaces has been realised by excitation of electronic transitions by 
tunnelling electrons in a manner analogous to excitation by a photon
16 and also a single 
electric motor on surfaces was recently reported.
17  
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Figure 1. Examples of STM images with different types of molecules including 
schematic models for the molecules. a) STM image of zinc-porphyrins 1 adsorbed on the 
NiAl(110) surface at 13 K. The conformations of the bound molecules are denoted as type I 
and type II. b) STM images of azobenzenes 2 in trans- and cis-form on Au(111) at 5 K. c) 
STM images of cis- and trans-2-butene (3) adsorbed on the Pd(110) at 4.7 K. Figures 
reproduced from ref. 13, 14, and 15, respectively. 
In this chapter we present a second design of an artificial molecular nanocar 5 (Figure 
2b) with integrated molecular rotary motors which is expected to allow demonstration of 
translational motion of the molecule across a metal surfaces due to the concerted rotary 
action of the motors upon electric powering. The distinct difference with respect to the 
previous design is that both chassis and motors moieties are integrated within each other 
which in principle have to lead to more efficient translation. In our approach we exploit a 
unique combination of both conformational switching (by vibrational excitation) and 
configurational switching (by electronic excitation) in order to activate a molecular 
machine and control its movement on a surface. Excitation with tunnelling electrons 
emanating from the tip of a scanning tunnelling microscope (STM) would result in 
rotational movement (configurational and vibrational) of the motor units that, in turn, 
induces translational movement of the entire molecular machine. Changing the 
unidirectional nature of the rotary motion of individual motor units would tune the 
propelling machine to either follow random, preferentially linear trajectories or the absence 
of movement on the surfaces (Figure 3).  
 
 
202 
 
 
Chapter 6 
 
6.2   Results and Discussions 
6.2.1   Molecular design 
As described in previous chapter one type of molecular nanocar 4 has been synthesized 
and studied with four motor units in solution through the rational design of molecular 
structures capable of surface assembly (Figure 2a). Our studies in solution indicate that the 
motor parts of this molecule still function. Nevertheless we anticipated that connection of 
motor moieties to the chassis via a triple bond provides to this structure to much flexibility. 
The free rotation of alkyne moieties (connecting between motor and chassis units) might 
preclude overall translational movement of the molecule thus we have designed also the 
second molecule with integrated motor functions.  Our new design is represented with a 
more rigid structure where motor units are fused with a carbazole-chassis (Figure 2b). 
 
Figure 2. The 1
st design of flexible nanocar 4 and the 2
nd design of rigid nanocar 5. 
The design of the nanocar molecule was directed to enable controllable surface 
transport by means of unidirectional rotation of the wheel-like molecular motor (Scheme 1). 
The nanocar 5 bears four light-driven molecular motors whose action has been studied in 
solution
7a,c and in condensed phases.
18 Each motor unit shows the same behaviour: 
unidirectional rotation is performed through a four-step switching cycle including two 
double bond cis- and trans-isomerizations (through photochemical or electronic excitation) 
and two helix inversions (through thermal or vibrational excitation) (Scheme 1a). With this 
system, the unidirectional 360° rotation of the rotor part (symmetric lower-half) relative to 
the stator (upper-half) in molecular nanocar 5 is performed through a four-step switching 
cycle (photochemical (step 1 and 3) and thermal isomerization (step 2 and 4)). Both 
energetically  uphill photochemical isomerization steps are followed by an energetically 
downhill irreversible thermal helix inversion step that overall providing for full 360
o 
rotation of one half of the molecule with respect to the other. 
A possible mechanism for the anticipated motion of the nanocar 5 across the surface is 
illustrated in Scheme 1b. We propose that rotary motion of the motor units induces a 
movement of the entire molecule across the surface by a concerted paddlewheel-like action. From Molecular Motors to Translational Movement of the 2
nd Design Nanocar 
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Upon electronic excitation of two or more motors embedded in the system double bond 
isomerization occurs which is followed by a helix inversion and as a result of this 
paddlewheel-like rotatory motion the entire molecule is pushed one step forward. This is 
possible only if the adsorption energy of the molecule is smaller than the energy carried in 
the isomerisation step upon excitation (Scheme 1b). 
 
Scheme 1. a)  Unidirectional rotation process of (one wheel) molecular motor unit of 
nanocar  5 by photochemical and thermal isomerization processes. b) Molecular model 
representation (side view) of the paddlewheel-like translational movement induced by the 
rotary motors in the meso-(R,S-R,S)-isomer of nanocar 5. For clarity, the hexyl groups are 
substituted by a methyl group.  
The unidirectionality of the rotary process is ensured by the thermal helix inversion 
steps while the direction of rotation is governed by the configuration at the stereogenic 
centre. It is clear that all four molecular motor units have to rotate in the unidirectional 
fashion in order to control the nanocar 5 preferentially linear movements (Figure 3, meso-
(R,S-R,S)-5). Moreover of all the stereochemical isomers of this molecule preferential linear 
movement is expected for the one where the motor units on front/back at same side (left 
side) move in same direction (counterclockwise rotation)  and on opposite side (right side) 
of nanocar 5 move in opposite direction (clockwise), thus for the meso-isomer (Figure 3a). 
Three different geometries of the meso-isomer on the surface have to be considered, given 
that free rotation between two acetylenes C-C single bond of the chassis will be locked 
upon adsorption to the surfaces. When the meso-(R,S-R,S)-isomer is adsorbed on the 
surface in the proper orientation (correct landing) directional movement will be observed 
under activation of the four motors units as they all can act in concert (Figure 3a). On the 
other hand, improper orientations (wrong landing) of meso-(R,S-R,S)-isomers will preclude 
translational movement as the combined effects of motor units cancel out (Figure 3b). In  
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the case of (R,R-R,R)-, (S,S-S,S)- or (R,R-S,S)-isomers of the racemic version of the nanocar 
5 (Figure 3c), the motor units on opposite sides of the molecule will rotate in a disrotatory 
motion with respect to each other, which means that these molecules are expected to spin in 
the ideal case on the surface. However, simultaneous excitation of all motor units is not 
trivial and most probably deviation from the expected perfect motion will occur. In all other 
orientations on the surface the molecular machines are not expected to move although 
double bond isomerisation and helix inversion in individual motor units can still be 
expected. 
 
Figure 3. Expected directions of movement induced by a concerted rotation of the motor 
units. Two distinct “landing geometries” of the meso-isomer due to surface confinement 
lead to either a) directional translational forward movement or b) to a situation where the 
movement is precluded. c) The (R,R-R,R)-or (S,S-S,S)-isomers are expected to induce non-
directional translational movement or prevent the movement in the case of (R,R-S,S)-
isomer.     
With the hope of directing future bottom-up fabrication through external stimuli (such 
as light, heat or electric fields) of nanometer-sized transporters on surfaces, this molecule 
(approximately 1.5×2.3 nm
2) is a new candidate for individual study by STM. Several 
derivatives of the molecule have been synthesized and studied, as described in this chapter, 
using photochemistry and STM techniques. 
As in the previous design the core structure is based on the carbazole scaffold due to 
several reasons: 1) a carbazole provides a planar structure required for good interaction 
with surface 2) it can be easily functionalized in order to build the whole chassis 3) 
Friedel/Crafts acylation at para-posion of carbazole followed by Nazarov cyclization to 
provide 5-membered ring dicarbonyl-dimethyl-carbazole is anticipated. The retrosynthetic 
analysis for carbazole functionalized nanocar 5 is shown in Scheme 2. From Molecular Motors to Translational Movement of the 2
nd Design Nanocar 
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Scheme 2. The retrosynthetic analysis of nanocar 5 based on carbazole structure. 
The first crucial step in the synthesis of nanocar 5 is the formation of 5-membered 
dimethyl diketone. Similar to the synthesis of upper-half of second-generation molecular 
motor described in Chapter 2, the Friedel/Crafts acylation and Nazarov cyclization reaction 
between the aromatic compound and the methacrylic acid appeared to provide the most 
suitable methodology to achieve this scaffold. However, for the carbazole, there was no 
precedence that this reaction can occur when methacrylic acid is used. Thus, we first 
carried out this experiment on simple carbazole molecule 6. to test it’s feasibility. The 
mixture of polyphosphoric acid with methacrylic acid was stirred at 70°C, followed by 
addition of carbazole 6. The reaction was continued for 10 h at 110°C until the starting 
material was consumed. Three possible products which are 7a, 7b and 7c (Scheme 3) can 
be formed. 
 
Scheme 3. Three possible products of the Friedel/Crafts-Nazarov reaction of carbazole 6.    
1H NMR spectra in DMSO-d6, showed 2 doublets in the aromatic regions (7.77 ppm, J 
= 8.4 Hz (ortho-coupling), 2H and 7.66 ppm, J = 8.3 Hz, 2H) and the pattern of 5-
membered methyl ketone in the aliphatic regions (4.16 (dd, J = 17.2, 7.6 Hz, 2H), 3.43 (dd, 
J = 17.5, 3.3 Hz, 2H), 2.89-2.83 (m, 2H), 1.34 (d, J = 7.4 Hz, 6H)) and 1 proton of N-H at 
9.24 ppm if NMR spectrum is taken in CDCl3 These data indicate that 1) this compound 
has a symmetric structure 2) product 7b is excluded as the NMR spectra then should show 
2 singlets (no coupling between 2 protons) for the aromatic regions. Moreover, in order to 
gain additional support for the desired structure 7a of the product obtained, a NOESY 
experiment has been performed. In case if the Friedel/Crafts acylation of methacrylic acid 
occurs at ortho-position of carbazole and cyclizes to provide product 7c, we should see the 
proton correlation between the aromatic and the aliphatic regions.  From NOESY spectra of 
this compound, it showed no interaction between proton in aromatic regions and proton in 
aliphatic regions. Therefore we can conclude that the Friedel/Crafts product from 
methacrylic acid was further cyclized at the para-position of carbazole 6 to provide the 
dimethyl diketone carbazole 7a. Despite this encouraging result compound 7a has a  
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problem of solubility and dissolved only in DMSO which was not acceptable for our further 
synthetic purpose. Because of the solubility problem, we have made Boc-protected product 
8 (Scheme 4). After several attempts to get the crystal structure of 8 crystallized from 
chloroform and acetonitrile, we were happy to get an additional prove for the structure of 
compound 7a via X-ray analysis of compound 8 (Figure 4). Compound 8 was found to be 
monoclinic with space group P21/n. The symmetric unit cell consists of a half molecule of 
the dimethyl biscyclopentenone-annulated carbazole and the two methyl groups are located 
in the same plane i.e. cis-geometry (meso-compound).  
a b
 
Figure 4. a) Pluto drawing of the molecular structure of compound 8. b) The structure of 
meso-compound 8. 
To derivatize compound 8 into the dimotor molecule we have to proceed with a 
Barton-Kellog reaction. To make the intermediate compound for the Barton-Kellogg 
reaction, further steps were performed involving the reaction of compound 8 with 
Lawesson’s reagent or with hydrazine monohydrate to generate dithioketone 9 or 
dihydrazone 10, respectively (Scheme 4).  
 
Scheme 4. The Boc-protection of compound 8 and two attempted pathways to prepare the 
intermediate 9 and 10 for Barton-Kellogg reaction. 
Unfortunately, both reactions did not proceed and the starting material 8 was only 
recovered from the reaction with thioketone. Possible reasons for the failure could be the From Molecular Motors to Translational Movement of the 2
nd Design Nanocar 
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still poor solubility of compound 8 preventing homogenous reaction or deprotection of the 
Boc-group under basic conditions of the reaction. In an effort to pursue further the Barton-
Kellogg reaction, we slightly changed our strategy. More precisely we have synthesized 
carbazole moiety with a long alkyl chain 11 (Scheme 5) in order to improve the solubility 
even if the Boc-group will be hydrolyzed in the course of the reaction. We anticipate that 
the reaction of compound 11  with Lawesson’s reagent, followed by Barton-Kellogg 
reaction with diazofluorenone will generate double-episulfide compound and in the final 
step desulfurization will provide the double overcrowded alkene 12 (Scheme 5). However 
this tranformation from compound 11 to product 12 did not work.          
 
Scheme 5. Double Barton-Kellogg reaction for compound 12 starting from double 
thioketone. 
  Another alternative route could be the well-defined method for Barton-Kellogg 
reaction that was shown in chapter 4. In particular compound 11 with hydrazine 
monohydrate provided mono-hydrazone intermediate, which was followed by oxidation by 
hypervalent iodine to generate mono-diazo compound. The reaction of mono-diazo 
compound with 9-thiofluorenone generated the mono-episulfide 13. The final step reaction 
of compound 13 with PPh3 gave mono-overcrowded alkene 14 in 23 % within overall 4 
steps (Scheme 6). Compound 14 was characterized by 
1H, 
13C NMR spectroscopy and 
HRMS.       
N
O O
11
C10H21
1) NH2NH2
.H2O, EtOH
80oC, overnight
2) Iodobenzene diacetate, DMF
-50oC, 3 min
3) Thioketofluorenone, DMF
-50oC, 1 h to rt, overnight
PPh3
p-Xylene, 90oC, 3h
23 % over 4 steps
N
O
C10H21
N
O
C10H21
S
13 14  
Scheme 6. The Barton-Kellogg reaction of compound 11 in order to prepare motor 14. 
Before proceeding with our synthesis we first studied the photochemical behavior of 
this compound 14 in dichloromethane solution (5.6×10
-5 M). Initial studies on the dynamic 
behavior were performed on the stable isomer of the racemic overcrowded alkene 14ax (ax 
and eq denote pseudo-axial and pseudo-equatorial orientation of the methyl group at the 
stereocentre, respectively) and the photochemical isomerization and thermal helix inversion 
processes were determined by UV/Vis spectroscopy as described in previous chapter. 
Photochemical isomerization of stable 14ax (Figure 5, solid line) was carried out by 
irradiation with UV light (O  365 nm, at 0°C) for 40 min. The small change in UV/Vis 
absorption may indicate the formation of the unstable 14’eq isomer (Figure 5, dotted line)  
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with an isosbestic point at 415 nm. The thermal isomerization of unstable 14’eq to stable 
14ax was confirmed by stopping irradiation for 5 min at 0°C, and the UV/Vis spectra 
indicated that the initial spectrum of stable 14ax was determined (Figure 5, dash line).       
240 260 280 300 320 340 360 380 400 420 440 460 480
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
Overcrowded alkene 14 in DCM (5.6x10
-5 M) at 0
oC
O (nm)
A
b
s
.
 initial stable 14
 compound 14 irradiation for 40min
 compound 14 5 min after stop irradiation  
 
Figure 5. UV/Vis absorption spectra of overcrowded alkene 14 were recorded in DCM and 
showed two curves corresponding to initial racemic 14ax (solid line) before irradiation, the 
unstable 14’eq obtained after irradiation (dot line) and after thermal step (dash line) to stable 
14ax. 
When we compare UV/Vis spectroscopy data of compound 14 with these of previous 
molecular motors, we see that compound 14 show only small differences in the UV/Vis 
spectra between before and after irradiation of compound 14. We speculated that this 
molecule, without steric hindrance in fjord region, makes the thermal helix inversion step 
very fast after the irradiation process. Most probably we cannot reach high photostationary 
state (PSS) of compound 14 at this temperature (0°C).     
From this study towards the synthesis of compound 14, we can conclude that the 
Friedel/Crafts-Nazarov cyclization reaction and the Barton-Kellogg reaction are possible to 
perform on carbazole-based compound (which has never been synthesized or described 
before). However, it is very important to introduce alkyl groups in fjord region of molecular 
motor (as we always have in molecular design) in order to control the speed of molecular 
motor by decreasing the rate of the thermal helix inversion step. 
6.2.2   Synthesis of molecular nanocar 
For the synthesis of the new designed molecule we started from 2,7-dibromocarbazole 
15 (Scheme 7).
19 Bromo-moieties are necessary for further displacement via alkyl moieties 
which will increase steric effects in fjord region (unlike compound 14) as well as add 
solubility to the final molecule.  The Sonogashira reaction of 15 with 1-hexyne gave the From Molecular Motors to Translational Movement of the 2
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disubstituted carbazole 16. This was followed by hydrogenation to provide the saturated 
dihexylcarbazole 17 as shown in Scheme 7.    
 
Scheme 7. The synthesis of disubstituted hexyl carbazole 17 via Sonogashira reaction. 
The carbazole 17 has to be functionalized properly in order to extend the chassis part 
and to connect to another half of nanocar 5. There are two possibilities to functionalize free 
NH-carbazole further. As we described in chapter 5, we have tried the first method which 
comprises the introduction of the N-alkyne group to carbazole and after that functionalize it 
with Sonogashira coupling reaction. However, we have learned that N-alkyne moiety 
causes a lot of problems in the synthetic route towards the nanocar. So we have decided to 
use the metal-catalyzed Ullmann-type C-N coupling reaction that we also used before in 
chapter 5 to prepare an N-aryl substituted derivative.
20    
 
Scheme 8. The Ullmann coupling reaction and further unsuccessful Friedel/Crafts-Nazarov 
cyclization reaction of compound 20. 
As shown in Scheme 8, the coupling reaction of carbazole 17 and diiodobenzene 18 
occurred at 120°C in the presence of 1.5 equiv of K2CO3 with 10 mol% of CuI and 10 
mol% of di(pyridin-2-yl)propane-1,3-dione as ligand to give the desired N-phenylcarbazole 
19 in 40% yield. Several attempts were performed to achieve the Friedel/Crafts-Nazarov 
cyclization of compound 19 and different conditions have been tried including a) 
methacrylic acid with PPA at 110°C or b) methacryloyl chloride with AlCl3 at low 
temperature, but no successful reaction of 20 was obtained under these conditions. So we 
turn back to the procedure that we used for unsubstituted carbazole 6. It showed that the 
Friedel/Crafts-Nazarov reaction of carbazole 17 with either methacrylic acid or 
methacryloyl chloride provided the diketone substituted carbazole 21 in acceptable yield 
(23-26%) for the Friedel/Crafts-Nazarov cyclization. This compound 21 was found to be 
more soluble than diketone carbazole 7a in organic solvents (Scheme 9). In addition, this 
reaction revealed that the free NH-carbazole plays an important role in Friedel/Crafts-
Nazarov cyclization reaction compared to functionalized carbazole 19. In the first attempt 
for Barton-Kellogg reaction, compound 21 was reacted with hydrazine monohydrate at  
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reflux temperature for 4 h (Scheme 9). The starting material was recovered and no product 
22 was observed even though compound 21 does not have any solubility issues.    
 
Scheme 9. The Friedel/Crafts-Nazarov reaction of carbazole 17 with 2 different reagents 
and unsuccessful reaction to form hydrazone compound 22. 
Thus, we tried once again the Boc-protection reaction of compound 21 with di-tert-
butyl dicarbonate in the presence of 4-DMAP catalyst to provide Boc-N-carbazole 23 in 
69% yield (Scheme 10). The formation of Boc-N-carbazole 8 has been tried before in order 
to obtain intermediate 9 although it did not work. We were pleased to see that treatment of 
23 with Lawesson’s reagent at 100°C gave double thioketone intermediate 24 (first red 
color band from the column chromatography). The key step in the synthesis of motor 
function as was already shown before is the Barton-Kellogg diazo-thioketone coupling. So 
the synthesis was continued by adding the diazo fluorenone 25 in situ with thioketone 24 to 
provide a mixture of double-episulfides 26. The sequence was continued with reductive 
desulfurization of 26 with PPh3 without purification, affording the mixture of Boc-N-
carbazole 27 and Boc-deprotected carbazole 28. The mixture of 27 and 28 were then fully 
deprotected to provide double molecular motor carbazole 28 as a racemic mixture in 53% 
yield (from 23 to 28). Carbazole building block 28 featuring two molecular motor units was 
characterized by 
1H and 
13C NMR spectroscopy and HRMS.    
 
Scheme 10. The synthesis of double molecular motor 28 via Barton-Kellogg reactions. 
The 
1H NMR spectra of compound 28 indicated the presence of the following 
stereoisomers which are composed of 3 isomers; i) identical meso-isomer (2’S,M)-(10’R,P)-From Molecular Motors to Translational Movement of the 2
nd Design Nanocar 
 
211 
 
 
28 or (2’R,P)-(10’S,M)-28, ii) (2’S,M)-(10’S,M)-28, and iii) (2’R,P)-(10’R,P)-28 as shown 
in Figure 6 (R- and S- denote the chiral configuration of the methyl group at the stereogenic 
centers and M- and P- stand for the helicity of motor units, respectively).   
 
Figure 6. Four possible isomers of nanocar building blocks 28. 
As mentioned before only meso-isomer ((2’S,M)-(10’R,P)-28 or (2’R,P)-(10’S,M)-28) 
are expected to be useful for our nanocar project. Therefore it is important to purify the 
mixture of compound 28.  Fortunately we could purify the diastereomers of 28 by column 
chromatography (Pentane/EtOAc; 95:5). The first diastereomer that came from the column 
was a racemic mixture (2’S,M)-(10’S,M)-28 and (2’R,P)-(10’R,P)-28. Note we actually do 
not know the exact chiral configuration of compounds 28 at this stage (vide infra for 
analytical chiral HPLC). From the 
1H NMR spectrum of the initial reaction mixture we 
have seen that this diastereomer of 28 is the main product of the double coupling. On the 
other hand, the second diastereomer, the mixture of meso compounds being the minor 
product was obtained as a second compound eluted from the column (2’S,M)-(10’R,P)-28 
or (2’R,P)-(10’S,M)-28 (vide infra). Initially we continued the further synthesis using the 
major diastereomer ((2’S,M)-(10’S,M)-28 and (2’R,P)-(10’R,P)-28) to examine if the 
synthesis of N-arylation reaction is at all possible and whether we can afterwards assemble 
the molecule on the surface. The next step of arylation reaction was carried out using aryl 
halide as described in chapter 5. The Ullmann reaction of compound 28 and 1-bromo-4-
iodobenzene 29, catalyzed by copper iodide gave the aryl substituted N-carbazole 30 in 
good yield (Scheme 11).  
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Scheme 11. The synthesis of aryl substituted N-carbazole 30 by the Ullmann C-N coupling 
reaction. 
Following a known Sonogashira coupling procedure, the bromo-carbazole 30 was 
coupled directly with TIPS-acetylene in an attempt to obtain TIPS-acetylene carbazole 31 
as shown in Scheme 12. However this Sonogashira reaction did not work. A possible 
reason is the lower reactivity of bromide 30.  Consequently, the aromatic Finkelstein 
reaction of 30 was performed using the condition developed by Buchwald
21 which consists 
of using copper iodide and N,N-1,2-dimethylethylamine in presence of sodium iodide 
which afforded 32 with a full conversion. The Sonogashira reaction of 32 once again with 
TMS-acetylene generated the TMS-acetylene carbazole 33 in a good yield (74%). The next 
step TMS-deprotection of 33 by using TBAF provided half-nanocar 34 (Scheme 12).      
N
C6H13 C6H13
Br
N
C6H13 C6H13
I
(2'S,M)-(10'S,M)-32 and (2'R,P)-(10'R,P)-32
N
C6H13 C6H13
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N
C6H13 C6H13
(2'S,M)-(10'S,M)-33 and (2'R,P)-(10'R,P)-33
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N
C6H13 C6H13
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H
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Scheme 12. The synthesis of half-nanocar 34 using Sonogashira coupling conditions. From Molecular Motors to Translational Movement of the 2
nd Design Nanocar 
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Now the most important step is to couple the two halves of the nanocar 32 and 34 
together to provide molecular nanocar 35 (Figure 7). Nevertheless as we observed from 
chapter 5, the Sonogashira reaction is always accompanied with formation of homocoupled 
side product. We anticipated that if this will be the case again we will most probably be 
unable to separate both compounds due to very low difference in their polarity.  For that 
reason, we thus decided to use the 1,4-diiodo-2,5-dimethoxybenzene 36 (Scheme 13) as a 
connector of 2 halves of nanocar molecule which in principle will simplify separation of 
nanocar 5 and nanocar 37. 
 
Figure 7. Two types of nanocar 5 and 35 with small difference in the middle part of the 
chassis moiety. 
The 1,4-diiodo-2,5-dimethoxybenzene 36 was prepared in 2 steps following a literature 
procedure.
22 The final step, a Sonogashira reaction of racemic compound 34 with 1,4-
diidodo-2,5-dimethoxybenzene 36 in the presence of palladium and copper iodide, provided 
a mixture of nanocar 37 (< 2%), half-nanocar 38 (5%) and homo coupling product nanocar 
5 (85%) (Scheme 13). 
Surprisingly for the Sonogashira conditions we found the homocoupling product 5 to 
be the major one. However, this was not a major problem as compound 5 also perfectly 
satisfies the requirements we put for the nanocar molecule. Thus the next step was to study 
by UV/Vis and 1H NMR spectroscopy and subsequently to position the molecule on the 
surface. As we predicted, the mixture of three compounds 5, 37 and 38 was easily separated 
by column chromatography (Pentane/DCM; starting from 9:1 ratio (for nanocar 5) to 3:1 
(for nanocar 37)). Structures of these three compounds were confirmed and characterized 
by 
1H NMR spectroscopy and MALDI-TOF mass spectrometry.   
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Scheme 13. The synthesis of nanocar 37, side-products nanocar 5 and half-nanocar 38 from 
the Sonogashira reaction. 
At this point we have to establish the exact configuration of methyl groups at the 
stereogenic centers of nanocar 5. As we mention above only one isomer of nanocar 5 can 
move preferentially linear. Therefore, the most appropriate way to know is from the X-ray 
structure analysis. However, due to the difficulties in recrystallization of nanocar 5 and 
half-nanocar  30  (bromo-substituted), we could not prove the exact stereochemical 
structures of those compounds. 
In order to confirm the stereochemical relationship for these compounds we have 
decided to use analytical chiral HPLC technique. Both the major and minor products of 
half-nanocar 30 (derived from both major and minor products of diastereomers 28) showed 
different retention time after separation by column chromatography in analytical HPLC 
(with AD column, heptane: i-propanol; 95: 5) as shown in Figure 8. From these data, it 
already obvious that the major product of half-nanocar 30 (derived from first diastereomer From Molecular Motors to Translational Movement of the 2
nd Design Nanocar 
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28) is a racemic mixture of (S,S) and (R,R)-isomers (Figure 8a) and the minor product 30 
(derived from second diastereomer 28) is meso-(S,R)-isomer (Figure 8b).   
Mixture of (S,S)-30 and (R,R)-30 (around 1:1)
Meso-isomer (S,R)-30
Trace of  mixture isomers
[(S,S)-30 and (R,R)-30]
A)
B)
 
Figure 8. Analytical chiral HPLC of a) The mixture of (S,S)-30 and (R,R)-30 show the 
separation of two isomers (with retention time t = 3.10 and 3.95 min). b) The meso-(S,R)-30 
shows the separation at retention time = 4.50 min and there is still some trace of mixture 
isomers left. 
Therefore the right meso-nanocar 5 was also synthesized from meso-30 following the 
same procedures (as described above in Scheme 12 and Scheme 13). Analytical chiral 
HPLC technique was used again to characterize the differences between both nanocars 5 
that were synthesized from a racemic mixture 30 and meso-30 isomers. As expected the 
nanocar 5 (derived from a racemic mixture 30) was composed of 3 compounds; the first 
eluted fraction at t = 3.18 min (24.8 % area), the second fraction at t = 3.54 min (51.8 % 
area) and the third fraction at t = 4.37 min (23.4 % area), respectively (Figure 9a). On the 
other hand, a meso-isomer of the nanocar 5 from meso-(S,R)-30 was then also analyzed by 
chiral HPLC using the same condition. A meso-compound was found with retention time t 
= 8.49 min and tiny impurities with retention times ~ 4-6 min (Figure 9b). Thus we could 
now with certainly determine which of the nanocar 5 isomers correspond to the meso 
product.  
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Mixture of
(S,S-S,S)-5, (R,R-R,R)-5 and (S,S-R,R)-5
(around 1:1:2)
Meso-isomer (S,R-S,R)-5
A)
B)
 
Figure 9. Analytical chiral HPLC of a) the mixture of (R,R-R,R), (R,R-S,S) and (S,S-S,S) 
isomers of the molecular nanocar 5 shows the separation of all three isomers. b) The meso-
isomer of molecular nanocar 5 shows a single peak with retention time assigned as meso-
(S,R-S,R)-isomer.
 
6.2.3   Additional synthesis of mono-motor for nanocar comparison 
Having finally in hand the molecular nanocar 5 composed of four molecular motors 
and with necessary substitution at the fjord region of molecular motor part (hexyl group) 
we have next to perform photochemical studies. To be able to compare the dynamic 
properties of the nanocar molecule with those of the simple single motor analogue we have 
initiated the synthesis of a model molecular motor 39 (Figure 10). 
 
Figure 10. Structure of model compound 39 for comparison with nanocar 5. 
Even though the substitution pattern of molecule 39 does not exactly follow the 
structure of nanocar 5 which has nitrogen at the para-position to overcrowded alkene, this 
nitrogen group will not cause much effect to molecular motor as we have seen it in our From Molecular Motors to Translational Movement of the 2
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early studies on the effect of electron donating and electron withdrawing groups at the 
para-position of molecular motor.
23 Starting with the Sonogashira reaction of 1,4-
diodobenzene 40 with 1-hexyne, compound 41 was obtained. A subsequent hydrogenation 
afforded the 1,4-dihexylbenzene 42 in very good yield (Scheme 14). 
Pd(PPh3)Cl2
CuI, NEt3-THF, 60oC
overnight
94%
H2,1 0 %P d - C
EtOAc, 5 h
full conversion
I I
C4H9
C4H9 C4H9 C6H13 C6H13
40 41 42
 
Scheme 14. The synthesis of 1,4-dihexylbenzene 42 by Sonogashira coupling reaction. 
In the next stage, the Friedel/Crafts-Nazarov cyclization, a number of methods has 
been used to prepare the ketone 43, but none of these did work (Scheme 15). These 
procedures have been used before successfully for the di-methyl analogue,
24 unfortunately 
they did not work for di-hexyl substituted benzene 42.   
 
Scheme 15. Attempts using Friedel/Crafts-Nazarov reaction to prepare di-hexyl indanone 
43. 
Nevertheless, the old harsh procedure with (conc.) H2SO4 for the Friedel/Crafts-
Nazarov cyclization, as used in chapter 2, has been tried for 1,4-dihexylbenzene 42. The 
first step was a Friedel/Crafts acylation of compound 42 with E-chloropropionyl chloride 
leading to ketone 44. A subsequent methylation reaction of 44 with methyl iodide in the 
presence of base (LDA) provided the design upper-half ketone 43 in 15% yield over 2 steps 
(Scheme 16). In addition, we tried the two step (AlCl3 and H2SO4) procedure again with 
methacryloyl chloride and this approach also provided the upper-half ketone 43 in 18% 
yield (Scheme 16).  
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Scheme 16. The synthesis of the upper-half ketone 43 by Friedel/Crafts-Nazarov reaction 
with AlCl3/H2SO4. 
The upper-half ketone 43 was then reacted with Lawesson’s reagent to give 
intermediate thioketone 45. Subsequently this intermediate was reacted with 
diazofluorenone 25 to generate episulfide, followed by desulfurization using copper (0) to 
yield molecular motor 39 in acceptable yield (Scheme 17). It was characterized by 
1H 
NMR, 
13C NMR and HRMS.  
 
Scheme 17. The synthesis of the new light-driven molecular motor 39. 
Having in hand mono-molecular motor 39, molecular half-nanocar 34 (di-molecular 
motors) and molecular nanocar 5 (tetra-molecular motors) we have initiated further UV/Vis 
and 
1H NMR studies of these compounds.
 
6.2.4   Photochemical and thermal isomerization studies 
In accordance with all previously described and related light-driven molecular 
motors,
25 the rotation process performed by these system was demonstrated by following 
the photochemical and thermal isomerization processes with UV/Vis and 
1H NMR 
spectroscopy. Similarly we started with light-driven molecular motor 39. Irradiation (O > 
365 nm) of a sample of racemic stable 39 in DCM at -20°C led to a red-shift of the major 
long-wavelength absorption band in the UV/Vis spectrum from around 360 nm to around 
390 nm (Figure 11). During the irradiation, the PSS was reached after 70 min to provide 
unstable 39’ and clear isosbestic point was visible, indicating that the photoisomerization 
was a clean process.  From Molecular Motors to Translational Movement of the 2
nd Design Nanocar 
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Figure 11. UV/Vis spectra of stable 39 (solid line) and the PSS of unstable 39’ (dotted line) 
at -20°C. 
In order to observe the reversal of the spectral changes, corresponding to the 
conversion of unstable 39’ to stable 39 via the thermal helix inversion process, we have 
performed the measurements at different temperatures. The kinetics and thermodynamic 
parameters of this thermal helix inversion were determined by monitoring the UV/Vis 
absorption at 360 nm overtime in the dark at four different temperatures (-20, -10, 0 and 
10°C), and subsequently using the first-order rate constants, the Gibbs energy of activation 
with the Eyring equation: '
‡G° = 85.1 kJ mol
-1 ('
‡H° = 74.3 kJ mol
-1, '
‡S° = -37 J mol
-1 K
-
1) were calculated (Figure 12). By extrapolation of the kinetic data, a half-life for the 
isomerization of unstable 39’ back to stable 39 at room temperature of 2.8 min was 
determined. 
253.2 K
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283.2 K
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Figure 12. Eyring plot for the conversion of unstable 39’ to stable 39 via the thermal helix 
inversion. 
Comparison of the half-life of the unstable isomer shows no significant differences 
from previous molecular motor
24 (dimethyl analogue), which suggests that the hexyl 
substituent have no significantly influence on the barrier to thermal isomerization. 
Comparison of the values of '
‡G° shows that they are also consistent with those based on 
earlier analysis.
24  
In order to confirm the results from UV/Vis technique, 
1H NMR spectroscopy is a 
useful technique for monitoring the progress of the photochemical and thermal 
isomerization of racemic motor 39 (Figure 13). 
1H NMR analysis of the photochemical step  
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(O > 365 nm), where we follow the conversion of stable 39 to unstable 39’ in toluene-d8, 
indicated that a photostationary state (PSS) with 24% stable 39 and 76% unstable 39’ was 
reached in 8 h at -35°C (based on Ha signal in Figure 13b). 
A)
B)
C)
Ha
Ha
Meax
Meeq
Ha
 
Figure 13. 
1H NMR (500 MHz) spectra of racemic molecular motor 39 were obtained in 
toluene-d8; a) corresponds to stable 39 before irradiation, b) to unstable 39’ after 
photoisomerization and c) to stable 39 obtained after thermal helix inversion, 
1H NMR 
were measured at -35°C. 
Distinctive features in the 
1H NMR spectra are the shift of the protons in the aliphatic 
region. One absorption obviously corresponds to the stable isomer 39 (G 4.01 ppm) (Figure 
13A). One signal, corresponding to the unstable isomer 29’ appears at 3.73 ppm (Figure 
13B). The new doublet signal at 1.43 ppm corresponding to the unstable isomer 29’ is 
attributed to methyl group (in pseudo-equatorial position) which is shifted in case of stable 
29 (1.29 ppm). 
After reaching the PSS, the thermal isomerization was performed by warming to room 
temperature for 30 min. Analysis of the 
1H NMR spectrum of molecular motor 39 after 
thermal helix inversion showed the proton shifts in the aliphatic region changed completely 
back and are identical to initial stable isomer 39 as shown in Figure 13C. This observation 
is consistent with the expected thermal helix inversion of the unstable to the stable form, 
completing a unidirectional 180° rotation of the upper-half relative to the lower-half. 
In addition, the molecular motor 39 was mixed with the carbazole 17 in order to see 
that the molecular motor part of nanocar will not be quenched by the carbazole moiety. 
Control UV/Vis spectroscopic experiments of the mixture of carbazole 17 (2×10
-5 M) with 
motor 39 (8×10
-6 M) in DCM were also performed. For the pure carbazole 17, the results of 
irradiation of 17 with O > 312 nm showed no change and no decomposition of carbazole in 
the UV/Vis spectra in DCM at 0°C (Figure 14a). On the other hand, the mixture of From Molecular Motors to Translational Movement of the 2
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carbazole 17 and molecular motor 39, the molecule 39 still showed normal motor behavior 
as is evident from the photoisomerization and thermal helix inversion at 0°C (Figure 14b) 
even being a mixture with carbazole compound. This is an indication that the carbazole 
moiety of the nanocar 5 will most probably not effect or quench the photoisomerization of 
molecular motor moiety of the nanocar 5.        
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Figure 14. a) UV/Vis spectra of carbazole 17 (solid line) and after irradiation process 
(dotted line) at 0°C. b) UV/Vis spectra of the mixture of carbazole 17 and motor 39 with 
the photo-induced and thermal isomerization process. 
Thus, to validate that molecular half-nanocar 34 still has properly operating molecular 
motor units, the photochemical and thermal isomerization steps were studied using low-
temperature UV/Vis and 
1H NMR spectroscopy. A sample of racemic 34 in heptane was 
prepared (1×10
-6 M) and by analogy with similar systems studied earlier the UV/Vis 
spectrum of a sample of 34 at 5°C shows an absorption band centered at 400 nm. 
Irradiation (O > 365 nm) of stable 34 leads to a red-shift in UV/Vis absorption band at 420 
nm, which is consistent with the formation of the unstable isomer 34’ (Figure 15a). The 
sample was irradiated until no further change was observed (60 min). When this solution 
was allowed to stay at the same temperature (5°C) for 5 h it led to a UV/Vis spectrum that 
was identical to the spectrum of stable 34 which is consistent with the regeneration of the 
stable isomer through a thermal isomerization step.  
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Figure 15. a) UV/Vis spectra of photoisomerization of compound 34 from stable to 
unstable isomers. b) Eyring plot for thermal conversion of unstable to stable-34 at 4 
different temperatures. 
As was the case of 39, the kinetic parameters for the helix inversion from unstable to 
stable of 34 were determined. In a similar UV/Vis spectroscopic measurement as described 
above, the thermal helix inversion step from unstable to stable-34 was observed at four 
different temperatures (5, 10, 15 and 20°C) in heptane. The thermal isomerization was 
followed by monitoring the change in absorption at 460 nm. Using the Eyring equation 
(Figure 15b), it was determined that the isomerization has a Gibbs free energy of activation 
('
‡G°) of 85.3 kJ mol
í1 (unstableĺstable-34). This value corresponds to a half-life at room 
temperature of 2.98 min, which shows that the thermal helix inversion is similar to the 
analogous helix inversion of the related motor 39, of which the unstable trans to stable trans 
isomerization occurs with the half-life of 2.78 min. In addition, as described for double 
motors in chapter 5, the kinetics of molecule 34 was also tried to fit with double 
exponential decay for the thermal isomerization process, however, the same results were 
obtained as for first exponential fitting. 
The rotation of motor 34 was supported by the data from 
1H NMR studies. A racemic 
mixture of stable-34 [(2’S,M)-(10’S,M)-34 and (2’R,P)-(10’R,P)-34] in toluene-d8 was 
irradiated with UV-light (Ȝ > 365 nm) at -40°C for 6 h to reach the PSS.  
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Figure 16: 
1H NMR studies in toluene-d8 of a) Stable-34, b) Photo-induced isomerization 
(O > 365 nm) to unstable-34’, c) Thermal helix inversion from unstable to stable-34 at rt 
(all spectra were measured at -40°C). 
Distinctive features in the 
1H NMR spectrum of stable-34 (Figure 16a) are absorptions 
of aliphatic protons at 3.00 ppm (d, 2H, Hc) and at 4.21 ppm (m, 2H, Ha). Upon irradiation 
of the solution of stable-34, the doublet absorption of protons c at 3.00 ppm is shifted 
down-field to 3.23 ppm and multiplet absorption protons a at 4.21 is shifted up-field to 
4.00-4.10 ppm (which is overlapping with other protons of the molecule) (Figure 16b). 
Comparison with data obtained for motor 39 confirms that the unstable-isomer is formed. 
This step produced a mixture of unstable and stable isomers in the ratio around 50: 50 
(based on Hc signal in Figure 16b). In addition, performing the thermal step at rt for 1 h 
gave again the stable isomer (Figure 16c). From these results, it is difficult to distinguish 
how many unstable forms are in the mixture of 34. However, analysis of 
1H NMR spectrum 
of a mixture of stable and unstable isomers (Figure 16b) indicates that the structure is 
symmetric if compared to the initial spectrum. It seems that both motor units on the half-
nanocar 34 undergo isomerization to the unstable forms despite the electron delocalization 
(from rigid-carbazole moiety) through the whole molecule can influence the motor parts 
and make it more active to the photo-induced isomerization (electronic effect). 
Continuing with molecular nanocar 5, the UV/Vis spectroscopic experiment started 
with the diastereomeric mixture of (R,R-R,R), (R,R-S,S) and (S,S-S,S)-isomers in heptanes 
(1×10
-5 M) at 0°C (Figure 17a).  
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Figure 17. a) UV/Vis spectra of photoisomerization of compound 5 from stable to unstable 
isomers. b) Eyring plot for thermal conversion of unstable to stable isomers 5 at 4 different 
temperatures. 
A photochemical isomerization of stable-5 (with UV-light > 365 nm) generates 
unstable-5 and the UV/Vis absorption spectrum was measured at regular intervals until the 
photostationary state (PSS) was reached. The isosbestic point can be clearly seen at 430 nm 
and a red-shift of the absorption maximum at 410 nm (to 420 nm) was observed, which is 
expected for the generation of higher energy isomers (dotted line, Figure 17a). Using 
similar UV/Vis spectroscopic measurements as described for mono-motor 39 and half-
nanocar 34, the thermal helix inversion step from unstable to stable-5 was followed at four 
different temperatures (-10, -5, -0 and 5°C) in heptane. The thermal isomerization was 
tracked by monitoring the change in absorption at 455 nm. Using the Eyring equation 
(Figure 17b), it was determined that the isomerization has a Gibbs free energy of activation 
('
‡G°) of 88.03 kJ mol
í1 (unstableĺstable-5). This value corresponds to a half-life at room 
temperature of 9.1 min, which shows that the thermal helix inversion is slower compared to 
the analogous helix inversion of the related motor 34 and 39, of which the unstable to stable 
isomerization occurs with the half-lives of 2.98 and 2.78 min, respectively. 
As for half-nanocar 34, 
1H NMR measurements were performed to verify the 
isomerization process of molecular nanocar 5. 
1H NMR analysis at intervals during the 
conversion of stable 5 to unstable 5’ in toluene-d8 indicated that a PSS with 51% stable 5 
and 49% unstable 5’ is reached in 10 h using UV-light > 365 nm at -50°C (based on Hc 
signal in Figure 18b). Distinctive features in the 
1H NMR spectra are the shift of the protons 
in the aliphatic region from G 3.00 of Hc and 4.25 of Ha (for stable 5) to 3.25 (Hc) and 4.10 
ppm (Ha), respectively (for unstable 5’). Besides, the absorption corresponds to protons of 
methyl substituent at the stereogenic center of stable isomer 5 ( G 1.42 ppm, doublet) 
converted to the unstable isomer 5’ (methyl groups are in pseudo-equatorial position) which 
appeared at 1.47 and 1.63 ppm. It showed that the photochemical isomerization step does 
not proceed quantitatively and most probably not all stable isomers are converted to From Molecular Motors to Translational Movement of the 2
nd Design Nanocar 
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unstable isomers as in the case of double molecular motors in chapter 5. We cannot 
conclude how many motor moieties changed to the corresponding unstable form because it 
is also possible that a mixture of the different diastereomers of nanocar can generate 
unstable isomers with different absorptions of methyl substituents.      
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Figure 18. 
1H NMR studies in toluene-d8 of a) Stable-5, b) Photochemical isomerization (O 
> 365 nm) to unstable-5’, c) Thermal helix inversion from unstable to stable-5 at rt (all 
spectra were measured at -40°C). 
After reaching the PSS (from 
1H NMR integration the ratio of stable to unstable is 
around 1:1), the thermal helix inversion was performed by heating the sample to rt for 30 
min (Figure 18c). Analysis of the 
1H NMR spectrum of molecular nanocar 5 after thermal 
helix inversion showed the up-field shift of the aliphatic protons from 3.25 (Hc) to 3.00 and 
down-field shift from 4.10 (Ha) to 4.25 ppm. The original 
1H NMR spectrum of stable-5 
was determined after thermal isomerization process. From both photochemical and thermal 
isomerization steps we can conclude that there are no degradation products formed under 
these conditions. 
6.2.5   Single molecular spectroscopy on molecular nanocar 5 
In collaboration with Tibor Kudernac and Nathalie Katsonis from our group, STM 
experiments at ambient temperature were performed to study adsorption properties and 
dynamic behavior (movement) of a mixture of compound 5 [(R,R-R,R), (R,R-S,S) and (S,S-
S,S)-isomers] on solid conductive gold surfaces (Au(111)) in an ultra-high vacuum (UHV) 
system at rt (293 K). These conditions were chosen in order to ensure minimal molecular 
diffusion. To visualize the molecular nanocar 5 on gold surfaces, the compound 5 was 
loaded in the UHV chamber with initial pressure (Pi) around  5×10
-8 mbar and then 
sublimed onto Au surfaces at high temperature (320-360°C) for 20 min (time exposure) 
until the pressure does not change anymore (2×10
-6 mbar). From preliminary results of  
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sublimation of a mixture of (R,R-R,R), (R,R-S,S) and (S,S-S,S)-isomers (Figure 19d) onto a 
Au(111) surface, the individual molecules of the nanocar 5 (Figure 19a) and the formation 
of molecular assemblies of 5 (Figure 19c) were visualized by STM at rt. Typically, the 
contrast of the molecule is constituted by four protrusions, each one may correspond to a 
rotary motor (Figure 19b). Scanning under mild conditions does not induce modification in 
either the contrast or the position of the molecule. In addition, the dimension of molecular 
nanocar 5 corresponds to the dimension of one molecule based on the self-assembly seen in 
Figure 19c (1.6×2.3 nm).  
Size of the objects  (~ 3×5 nm) 
Size of the objects  (~ 1.6×2.3 nm) 
A)
B)
C)
D)
 
Figure 19. Visualizing nanocar 5 on Au surfaces (by UHV-STM) showed a) individual 
molecules of the nanocar 5, b) Zoomed in area of Figure 16a clearly displayed four bright 
protrusions of rotary motor moieties, c) Assembly of molecule 5 on Au surface at rt and d) 
A structure of nanocar 5 including a dimension (1.5×2.3 nm). 
To stop completely the diffusion of the molecule nanocar 5 on the surface, we have 
changed the UHV-STM experiment from ambient temperature to very low temperature (-
266°C). After sublimation of a mixture of (R,R-R,R), (R,R-S,S) and (S,S-S,S)-isomers onto a 
Cu(111) surface, individual molecules of the nanocar 5 were visualized by STM at 7 K 
(Figure 20a). In solution, unidirectional rotation of the rotary motor unit involves both helix 
inversions and photochemical isomerizations (around the rotary axle). However, due to the 
difficulty irradiation in the UHV-STM system using UV-light, the electron emanation from 
an STM tip will be used as energy source to excite double bond of motor units of molecular From Molecular Motors to Translational Movement of the 2
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nanocar  5 as it has been used to induce configurational switching (isomerization) of 
azobenzenes.
14,16 On Cu(111), we anticipate that the propulsion of the nanocar 5 should be 
the direct consequence of a combination of these two processes also. In order to provide a 
better understanding of the mechanism behind propulsion of this molecular machine, we 
investigated the origin of the contrast modifications that occur upon propulsion. When the 
STM tip is brought on the top of one lobe of the molecule and a voltage pulse is applied 
with a low energy, between 200 and 350 meV, contrast modification were observed without 
displacement (Figure 20a, b). This means that a conformational change is induced within 
the molecule but yet no movement. Consequently these conformational changes are 
attributed to helix inversion only. The energy threshold for the process is about 200 meV 
(Figure 20c) which corresponds to the vibrational energy of C=C double bonds (~ 1600 cm
-
1)  that need to be excited for the helix inversion to take place.
26 From this experiments, 
more than 200 manipulations performed on various molecules are included in the statistics 
(I = 30-50 pA). 
 
Figure 20. Helix inversion at lower bias voltage. a) Modification of STM contrast 
induced by helix inversion in the molecular wheels. After each scan (7.0 nm x 7.8 nm, Iset = 
43 pA, US = 47 mV) the STM tip is positioned above one lobe of the molecule and a 
voltage pulse (bias range 200 to 350 mV) is applied. b) Real-time trace of the tunnelling 
current during 200 mV voltage pulses. Current steps show internal conformational changes 
of the molecule during the voltage pulse. c) The action spectrum for helix inversion shows 
a voltage threshold at around 200 mV. 
In the next step we want not only to induce helix inversion (vibrational motion) but 
also double cis-trans isomerization (translational motion). Compared with a molecular 
motor in a solution system, we need higher energy input to excite trans-cis isomerization 
(configurational change) of molecule and that means in this case we need more energy to 
get translational motion of single molecule on surfaces. After positioning the STM tip 
above the centre of the molecule, propulsion was observed only for a tunnel bias voltage  
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greater than 500 mV (Figure 21d). Figure 21a shows the initial position of a nanocar 5 that 
moves across the surface along the trajectory shown in Figure 21b. The overall distance the 
molecule travelled is evidenced in Figure 21c. The non-directional movement of the 
molecule is a consequence of the configuration of the wheels. Figure 21e shows a selection 
of STM images recorded while the molecule moves. Besides the change in position of 
nanocar 5 , its STM contrast is also modified after movement. The observed contrasts 
include images where one lobe is darker and images with three-lobe or even two-lobe 
structures.  Irreversible changes in the structure of the molecule, however, are excluded, 
since the four-lobe contrast always reappears after further manipulation. We therefore 
attribute these contrast modifications to induced conformational changes within the 
molecule. 
 
Figure 21. Random propulsion of the molecular machine after electron excitation. a) 
Initial position of the molecular machine on Cu(111) surface as imaged by STM in UHV at 
7 K. (7.0 nm x 7.8 nm, Iset = 47 pA, US = 47 mV). b) Trajectory of 40 individual steps of 
the molecular machine. Complete time interval of manipulation was 3h 50 min. c) Final 
position of the molecular machine. d) The propulsion spectrum shows a voltage threshold at 
500 mV, as determined by over 200 manipulations (I = 30-50 pA). e) STM frames 
corresponding to individual steps of the trajectory in (b). 
As we expected, this nanocar 5 with translational motion followed by vibrational 
motion led to the rotation of alkene bonds of molecule that acted as ratchets led to the 
random movement in the case of the racemic compound 5 (the four motors do not all rotate 
in same directional fashion as described in Figure 3c) and gave the total distance after 40 
steps which is approximately 3 nm across the surfaces. Another important insight into the 
mechanism of propulsion of nanocar 5 is provided by polarity-dependence experiments. 
Electron excitation of the nanocar with negative voltage pulses does never trigger any 
movement but only induced contrast modifications. Figure 22 shows that negative pulses of From Molecular Motors to Translational Movement of the 2
nd Design Nanocar 
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-1500 mV result only in contrast modifications as a result of helix inversions of the motor 
wheels (vibrational excitations are polarity independent). Seven negative voltage pulses (-
1500 mV) induce contrast changes in the molecule (Figure 22,b-h). The position of the 
molecule is not modified throughout these manipulations. 
 
Figure 22. An extended series of polarity dependent voltage pulsing of nanocar 5. a-h) 
Negative voltage induces contrast changes but no movement (scan area = 7.0 nm x 7.8 nm, 
Iset = 43 pA, US = 47 mV). i-j) The positive voltage leads to the translational movement 
(double bond isomerization) and contrast changes (helix inversion). 
After the seven negative excitation attempts the sign of voltage pulses was changed to 
positive (+1500 mV). Each positive voltage pulse results not only in contrast changes but 
also in displacement of the nanocar 5  (Figure 22,i-j). Polarity dependence of our 
manipulations were tested on several molecules and always resulted in identical 
observations. This polarity dependence of the movement points to the electronic origin of 
the motor (wheel) rotation. The position of the lowest unoccupied molecular orbital 
(LUMO) of the molecule is expected around 500 meV above the Fermi level as for other 
aromatic molecules with comparable extent of S-electron delocalization on copper 
surfaces.
27 Resonant tunnelling into the LUMO of the molecule will lead to transient 
excitation of the molecule by forming a negative ion resonance. This leads to transient 
excitation that is analogous to light-induced double bond isomerization. This mechanism 
has been used to explain photo- or electron-induced desorption, chemical changes induced 
by an STM tip
28 and isomerization processes for azobenzenes on a surface.
16 The repetitive 
combination of helix inversion (by vibrational excitation) and double bond isomerisation 
(by electronic excitation), induces rotary motion of the motor wheels until the molecular 
nanocar 5 moves away from the STM tip and the electron excitation is stopped. We exclude 
vibrationally induced hopping as a mechanism of this molecule movement since the 
threshold of 500 meV is well above vibration energies and the observed phenomenon is 
polarity dependent. Furthermore, the low currents used here make vibrational heating via 
multiple electron processes improbable. 
We also show here that the cooperative rotation of the motor wheels within the pure 
meso-(R,S-R,S)-isomer (Figure 23a) allows the molecule to achieve movement with a 
preferential direction (Figure 23b). The molecular nanocar 5 travels 6 nm across the surface 
upon ten excitation steps (Figure 23c). The trajectory of the meso-isomer is not perfectly 
straight which is likely due to the fact that not all motor-wheels are always excited during  
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each of the stimulus steps. The STM contrast of the moving meso-isomer (Figure 23d) is 
changing similarly to one shown in Figure 21. The directional movement of the meso-
isomer (R,S-R,S) and non-directional movement of the individual molecule of (R,R-R,R), 
(R,R-S,S) and (S,S-S,S)-isomers of the four-wheel drive clearly demonstrate that the 
translational movement originates in the rotational action of the molecular wheels. 
 
Figure 23. Linear movement of the meso-nanocar 5. a) STM image (10.2 nm x 9.3 nm) 
of initial position of the meso-isomer and cartoon of direction of the propulsion of the 
molecule 5. The black part represents the area that was not scanned initially, but at the later 
stage of the experiment when the molecule moved there (Iset = 74 pA, US = 47 mV). b) 
Trajectory depicting the individual steps taken by the meso-nanocar. c) Final position of the 
molecule after 10 subsequent “excitation” pulses. d) Individual steps of the meso-four-
wheel drive corresponding to the trajectory in (b). The transition from frame 8 to 9 
corresponds to an adjustment of the scanning area (between those frames the position of the 
molecule remains the same). 
Upon physisorption, the meso-isomer of the nanocar 5 can adsorb with three different 
geometries. The rigid front and back parts of the molecule are connected by di-acetylene 
moieties which is formally representing the chassis (Figure 19d). Once the molecule is 
physisorbed, free rotation around this connecting unit is locked, but in vacuum the front and 
the back part of the molecule can flip 180
o with respect to each other. On the surface, if the 
methyl groups of the front part and back part point in the opposite direction (Figure 23a) 
the rotation of all motors rotate in the same directional fashion (Figure 3a). In that 
adsorption geometry all motor wheels consequently contribute to propelling the nanocar 5 
in the same direction, as demonstrated by the arrows in the cartoon in Figure 23a. The From Molecular Motors to Translational Movement of the 2
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remaining two possibilities for the adsorption geometries of the meso-nanocar 5 are 
depicted in Figure 24a. In one case all methyl groups are pointing upwards and in the other 
case downwards. The sum of the propulsion of the individual motor wheels should not 
induce translational movement of the four-wheel drive upon fuelling as demonstrated by 
the arrows showing the direction of propulsion for the individual rotor wheels. 
 
Figure 24. Behaviour of the meso-isomer absorbed with a geometry that does not 
allow for directional translational movement. a, Two geometries with all four methyl 
groups pointing upwards or downwards. b-l, Sequence of subsequent eleven STM images 
of the meso-isomer upon ten voltage fuellings adsorbed with one of the geometries depicted 
in Supplementary Figure 5a (three 700 mV voltage pulses from b to e; seven 800 mV 
voltage pulses from e to l). The frame size is 14 nm x 9 nm and the scanning conditions are 
iset = 74 pA, VS = 47 mV. 
Figure 24a shows the behaviour of the meso-isomer of the nanocar 5 when it is 
adsorbed with other geometries compared with the right geometry shown in Figure 23a. As 
STM does not allow distinguishing individual methyl groups, it is also impossible to 
distinguish between the two possible adsorption geometries shown in Figure 24. However, 
in both situations the total of the propulsion direction of the four motors cancels out and 
should consequently not allow any movement. Therefore, it is expected that voltage 
stimulus will induce mainly contrast changes with a possibility of an additional non-
directional short distance movement due to non-synchronized rotation of the motors. The 
sequence of the STM images of the “symmetrically” adsorbed meso-isomer taken after ten 
excitation steps (+700 to +800 mV voltage pulses) is shown in Figure 24b-l. The sequence 
shows that the contrast is changed while the molecule exhibits only very restricted 
movement. 
From all these data, we try to compare our molecular motion mechanism to others that 
have been proposed to explain translational motion of molecules observed by STM on 
surfaces. Tip dragging
12 or tip picking/releasing
29 was not attempted with our experimental 
set-up while random or directional diffusion
9,10 of molecules was never observed under our 
experimental conditions in any of the measurements.  Lateral hopping
30 (activated 
diffusion) of molecules bound to surfaces either via chemisorption or physisorption can 
occur when certain vibrations are excited via inelastic tunnelling between substrate and tip. 
We exclude vibrationally induced hopping as a mechanism of movement of our molecular 
machine since the threshold of 500 meV is well above relevant vibration energies and the 
observed phenomenon is polarity dependent. Furthermore, the low currents used here make  
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vibrational heating via multiple electron processes improbable. Transient excitations of 
vibrational states result in ‘weakening’ of surface binding that can lead to short distance 
diffusion. Molecules during the movement do not undergo structural changes, which is in 
sharp contrast with our experimental data clearly showing conformational changes in 
individual motor units. 
As described, the distinctive features that we noted here in this system based on our 
molecular motors are unique due to vibrational and configurational motion initiated by 
excitation using transient electrons from a STM tip to overcrowded alkenes of a molecule. 
Although a detailed analysis of the mechanism of this new single molecule system on 
surfaces is still in its early stages, from these experiments we can conclude the following: 
1) The observation of propulsion due to intrinsic motor function. 2) Control to some extend 
of directionality of the movement; dictated by the predesigned directionality of rotation of 
the unidirectional motor units we observe random movement, preferentially linear 
movement or the absence of movement. The data come from different experiments with 
separate single isomers. 3) The meso-isomer when adsorbed improperly on the surface does 
not move at all but still shows changes in motor units upon excitation. This is expected 
based on our molecular design as the motor units would rotate ‘against’ each other 
preventing propulsion. 4) Absence of backward motion for the meso-isomer; only 
propulsion in the appropriate direction is observed which is a direct consequence of the 
unidirectionality of the rotation of the motor units. Again these observations are not in 
accordance with an activated diffusion/hopping mechanism but point to translational 
movement of the entire molecule by the work performed by the rotary motor units. 
6.3   Conclusions 
A molecular nanocar that was designed to be capable of displaying directed motion in 
two dimensions on a surface, has been synthesized. Our new synthetic design allowed us to 
prepare and separate the meso-isomer (where the motor units on front/back at same side 
(left side) move in same direction (counterclockwise rotation) and on opposite side (right 
side) of nanocar move in opposite direction (clockwise rotation)). The photochemical and 
thermal isomerizations of this nanocar and related compounds (mono-motor and double-
motor) have been studied in solution system. All compounds still showed the behavior of a 
rotary molecular motor via photochemical-thermal cycle. The half-life times of nanocar and 
related-motor compounds, with respect to the thermal step from unstable back to stable 
isomers, are found to be in range of minutes at room temperature. 
In addition, UHV-STM experiments at ambient temperature have been performed with 
the molecular nanocar and some evidence for adsorption of individual molecules or 
formation of molecular assembly of nanocar on gold surfaces is obtained. In the case of 
experiments on copper surfaces at 7 K, we can also observe single molecules. Furthermore From Molecular Motors to Translational Movement of the 2
nd Design Nanocar 
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upon electronic excitation of motor units embedded in the system double bond 
isomerization occurs which is followed by a helix inversion and as a result of a 
paddlewheel-like rotatory motion the entire molecule is pushed one step forward. As we 
could demonstrate, by employing different stereoisomers of the molecule, the rotary sense 
of the motor units is directly reflected in the more random or the preferentially linear 
movement showing that the helicity of the molecule and rotatory function of the motor 
units are preserved upon absorption on the surface. Our findings show that a single 
molecule system with intrinsic motor function is capable of converting an external energy 
input into mechanical action manifested as a directional movement along a surface.
31 
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6.5   Experimental Section 
For information regarding synthesis and characterization and general experimental details 
see Chapter 2. All photochemical experiments were carried out using a Spectroline model 
ENB-280C/FE lamp at O = 365 nm, ± 30 nm or visible-light lamp (400-700 nm). Samples 
irradiated for 
1H NMR spectroscopic analysis were placed 2-3 cm from the lamp. 
Photostationary states were determined by monitoring composition changes with respect to 
time by taking UV/Vis spectra or 
1H NMR spectra at distinct intervals until no additional 
changes were observed. 
The UHV-STM manipulations were performed with a home-built low-temperature STM 
under ultra-high vacuum conditions with base pressure below 1×10
-10 mbar at a temperature 
of 7 K. STM images were recorded at constant-current mode at positive voltages below 60 
mV and tunnelling currents between 30 and 100 pA. The Cu(111) surface was cleaned by 
30 min of Ar
+ sputtering that was followed by 15 min annealing at 820 K. Molecules were 
sublimed at 280
oC for 2 min on the pre-cooled clean surface held at 40 K. For single-
molecule manipulation the STM tip was positioned over the molecule and the feedback 
loop was then switched off. A voltage pulse was applied for few seconds while recording 
the tunnelling current. A step-like variation in tunnelling current indicated a manipulation 
step and rescanning of the area revealed the type of manipulation. Determining the 
threshold voltages for the helix inversion and propulsion has been performed with currents 
between 30 and 50 pA. 
X-ray crystallographic data of compound 8.  
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a) Crystal data and details of the structure determination 
Formula C25H25NO4 
Formula_Weight, g.mol
-1 
  403.48  
Crystal system  monoclinic  
Space group, no.
32   P21/n,  14     
a, Å  7.1842(16) 
b, Å  11.969(3) 
c, Å  23.306(5) 
E, deg  90.239(3) 
V, Å
3 2004.0(8) 
Ĭ range unit cell: min.-max., deg; reflections  2.96  -  25.09 ; 2923 
Formula_Z 4 
SpaceGroup_Z 4 
Z’ (= Formula_Z / SpaceGroup_Z) 1 
Ucalc, g.cm
-3  1.337 
F(000), electrons  856 
μ(Mo KD ), cm
-1  0.9 
Colour, habit  colourless, block   
Approx. crystal dimension, mm  0.47 x 0.29 x 0.25 
b) Refinement 
Number of reflections   3521 
Number of refined parameters  314 
Number of restraints  12 
Final agreement factors:   
wR(F
2) = [¦ [w(Fo
2 - Fc
2)
2]  / ¦ [w(Fo
2)
2]]
1/2  0.1741 
Weighting scheme: a, b 0.0320,  4.13 From Molecular Motors to Translational Movement of the 2
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 w  = 1 / [V
2(Fo
2) + (aP)
2 + bP]   
 And  P = [max(Fo
2,0) + 2Fc
2] / 3   
R(F) = ¦ (||Fo| - |Fc||)  / ¦ |Fo |  0.0732 
 For  Fo > 4.0 V (Fo)   
GooF = S = [¦ [w(Fo
2 - Fc
2)
2]  /  (n-p)]
 1/2  1.194 
  n = number of reflections   
  p = number of parameters refined   
Residual electron density in final   
  Difference Fourier map, e/Å
3 -0.38,  0.36(6) 
Max. (shift / ı) final cycle  <0.001 
Mean. (shift / ı) final cycle  <0.001 
Experimental section for the synthesis of all compounds 
 
2,10-dimethyl-10,11-dihydro-1H-dicyclopenta[c,g]carbazole-3,9(2H,6H)-dione (7a): 
General procedure A; commercially available carbazole (6) (4.0 g, 23.9 mmol) was added 
to mechanically stirred polyphosphoric acid (50 g, 0.52 mol) at 80 °C. After 10 min, 
methacrylic acid (12.2 mL, 143.5 mmol) was added slowly to the vigorously stirred 
emulsion and stirred at 100°C for 16 h. After cooling the reaction mixture to 70°C, 50 g of 
ice was added. The reaction flask was then placed in an ice bath, the mixture diluted with 
water (75 mL) and stirred for 2 h. The mixture was further diluted with 300 mL of water in 
a beaker. After stirring for another 1 h, the reaction mixture was extracted with Et2O. The 
organic layers were washed with water, saturated aq. NaHCO3, brine, dried over Na2SO4 
and the solvents were removed in vacuo. Due to the solubility problem, the crude product 
cannot be purified by column chromatography. This crude material was recrystallized from 
CHCl3 and EtOH yielding compound 7a (3.9 g, 12.9 mmol, 54%) as a light brown solid. 
1H 
NMR (400 MHz, DMSO) į = 7.73 (d, J = 8.4 Hz, 1H), 7.62 (d, J = 8.3 Hz, 1H), 4.12 (dd, J 
= 16.7, 7.2 Hz, 1H), 3.39 (dd, J = 17.5, 3.3 Hz, 1H), 2.85 – 2.78 (m, 1H), 1.30 (d, J = 7.4 
Hz, 3H). 
13C NMR (101 MHz, DMSO) į = 207.3, 149.5, 144.2, 129.0, 121.4, 119.2, 112.0, 
41.1, 36.0, 16.3. HRMS (M
++1): calcd. for C20H18NO2: 304.1338, found 304.1336.  
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t-butyl-2,10-dimethyl-3,9-dioxo-2,3,10,11-tetrahydro-1H-dicyclopenta[c,g]carbazole-
6(9H)-carboxylate (8): The mixture of compound 7a (0.27 g, 0.89 mmol), di-tert-butyl 
dicarbonate (Boc2O, 0.29 g, 1.34 mmol) and 4-DMAP (0.11 g, 0.89 mmol) was dried under 
N2 atmosphere and then dissolved in dry THF (10 mL). The reaction mixture was stirred for 
3 h at rt. The reaction mixture was quenched with water, followed by extraction with 
EtOAc. The organic layer was dried with Na2SO4 and the solvent removed in vacuum and 
the residue purified by recrystallization (CHCl3 and CH3CN)) to afford 8 as a white solid 
(0.28 g, 0.69 mmol, 78%). 
1H NMR (400 MHz, CDCl3) į = 8.42 (d, J = 8.8 Hz, 2H), 7.88 
(d, J = 8.7 Hz, 2H), 4.08 – 3.98 (m, 2H), 3.29 (ddd, J = 16.7, 7.3, 3.5 Hz, 2H), 2.90 – 2.80 
(m, 2H), 1.77 (s, J = 8.5 Hz, 9H), 1.42 (dd, J = 7.5, 4.5 Hz, 6H). 
13C NMR (101 MHz, 
CDCl3) į = 208.15, 149.99, 147.16, 143.28, 132.59, 123.06, 122.31, 115.99, 86.19, 41.57, 
37.51, 28.20, 16.49. HRMS (M
++1): calcd. for C25H26NO4: 404.1862, found 404.1873. 
 
6-decyl-2,10-dimethyl-10,11-dihydro-1H-dicyclopenta[c,g]carbazole-3,9(2H,6H)-dione 
(11): A mixture of compound 7a (0.72 g, 2.37 mmol), t-Bu4NBr (TBAB, 61.0 mg, 1.89 
mmol) and NaOH (75.7 mg, 1.89 mmol) was dissolved in acetone (10 mL). 1-Iododecane 
(0.76 mL, 3.55 mmol) was slowly added and the reaction mixture stirred for 4 h at rt. Then 
the reaction was quenched with water, followed by extraction with EtOAc (3×10 mL). The 
organic solutions were dried with Na2SO4 and the solvents removed in vacuum and the 
solid residue purified by column chromatography (Pentane: EtOAc; 4: 1) to yield 11 as a 
brown solid (0.49 g, 1.11 mmol, 47%). 
1H NMR (400 MHz, CDCl3) į = 7.63 (d, J = 7.5 Hz, 
2H), 7.35 (d, J = 7.5 Hz, 2H), 4.12 (t, J = 7.6 Hz, 2H), 3.86 (dd, J = 12.4, 9.1 Hz, 2H), 3.54 
– 3.42 (m, 2H), 2.90 (dd, J = 12.4, 9.1 Hz, 2H), 1.72 – 1.63 (m, 2H), 1.41 – 1.32 (m, 14H), 
1.30 (d, J = 6.6 Hz, 6H), 0.99 (t, J = 6.5 Hz, 3H). 
13C NMR (101 MHz, CDCl3) į = 208.27, 
149.07, 144.66, 129.94, 122.25, 119.70, 109.73, 43.99, 41.70, 37.12, 31.87, 29.56, 29.30, 
28.96, 27.17, 22.66, 16.97, 14.11. HRMS (M
++1): calcd. for C30H38NO2: 444.2903, found 
444.2913. 
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6-decyl-9-(9H-fluoren-9-ylidene)-2,10-dimethyl-6,9,10,11-tetrahydro-1H-
dicyclopenta[c,g]carbazol-3(2H)-one (14): To a solution of compound 11 (13.7 mg, 0.031 
mmol) in ethanol (5 mL) was added hydrazine monohydrate (0.01 mL, 0.185 mmol). The 
solution was heated to 80
oC for 16 h and then allowed to cool to rt. Water (10 mL) was 
added, and the mixture was extracted with EtOAc (3×10 mL), the organic layers were 
combined, washed with brine (30 mL), dried (Na2SO4) and concentrated in vacuo. The 
crude residue was then dissolved in DMF (5 mL), cooled to -50
oC and iodobenzene 
diacetate (20 mg, 0.062 mmol) in DMF (2 mL) was added. After stirring for approximately 
3 min to generate the corresponding diazo compound, a solution of 9H-fluorene-9-thione
33 
(20 mg, 0.102 mmol) in DMF (5 mL) was added and the cooling bath removed after 1 h. 
The reaction mixture was left stirring at rt for 16 h. Additional EtOAc (20 mL) was added 
and the mixture was washed with water (3×20 mL), brine (40 mL), dried with Na2SO4 and 
concentrated  in vacuo to give the crude product. Column chromatography (silica gel; 
EtOAc: pentane, 15:85) provided episulfide 13 and overcrowded alkene 14. A mixture of 
13 and 14 in p-xylene (10 mL) was heated at 90°C in the presence of PPh3 (16.3 mg, 0.062 
mmol) for 3 h. After cooling to rt, the p-xylene was removed under reduced pressure and 
the remaining oil was purified by column chromatography (silica gel; EtOAc: pentane;  
1:9) after which mono-alkene 14 was obtained (4.2 mg, 0.007 mmol, 23%). 
1H NMR (400 
MHz, CDCl3) į = 7.98 (d, J = 8.5 Hz, 1H), 7.82 (d, J = 8.3 Hz, 1H), 7.72 (d, J = 9.0 Hz, 
1H), 7.62 (d, J = 7.9 Hz, 2H), 7.44 – 7.34 (m, 5H), 7.22 – 7.17 (m, 1H), 7.04 – 6.99 (m, 
1H), 4.35 (t, J = 8.3 Hz, 2H), 3.95 – 3.71 (m, 1H), 3.39 (dd, J = 15.1, 5.6 Hz, 1H), 3.18 (td, 
J = 16.1, 6.5 Hz, 2H), 2.07 – 2.00 (m, 2H), 1.91 – 1.83 (m, 2H), 1.42 – 1.31 (m, 14H), 1.30 
(d, J = 2.0 Hz, 3H), 1.18 (d, J = 6.4 Hz, 3H), 0.99 (t, J = 6.4 Hz, 3H). HRMS (M
++1): 
calcd. for C43H46NO: 592.3579, found 592.3572.  
 
2,7-di(hex-1-ynyl)-9H-carbazole (16): 2,7-Dibromocarbazole (15) (0.5 g, 1.54 mmol) was 
dissolved in a mixture of dry Et3N/THF (5: 5 mL) and the solution was degassed via three 
freeze-pump-thaw cycles. PdCl2(PPh3)2 (10 mol%) and CuI (10 mol%) were added and the 
reaction mixture stirred at room temperature for 5 min. 1-Hexyne (8 equiv, 1.38 mL, 12.31 
mmol) was slowly added (with syringe pump, addition in 0.5 h) to the reaction mixture and 
the mixture was stirred at 60°C for 16 h. The mixture was filtered over celite and the celite 
cake washed with DCM and EtOAc. The solvents were removed in vacuum and the solid 
residue purified by column chromatography (Pentane: EtOAc, 95:5, Rf = 0.46) to yield 16 
as a brown solid (0.48 g, 1.47 mmol, 95%). 
1H NMR (400 MHz, CDCl3) į = 8.00 (s, 1H), 
7.91 (d, J = 8.1 Hz, 2H), 7.38 (s, 2H), 7.28 (dd, J = 8.1, 1.3 Hz, 2H), 2.47 (t, J = 7.0 Hz, 
4H), 1.70 – 1.60 (m, 4H), 1.60 – 1.47 (m, 4H), 0.99 (t, J = 7.3 Hz, 6H). 
13C NMR (101 
MHz, CDCl3) į = 139.58, 123.37, 122.38, 121.31, 120.04, 113.64, 90.18, 81.44, 30.90, 
22.05, 19.20, 13.64. HRMS (M
++1): calcd. for C24H26N: 328.2065, found 328.2062. 
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2,7-dihexyl-9H-carbazole (16): Catalytic hydrogenation of compound 15 (0.48 g, 1.47 
mmol) with H2 (gas) in the presence of 10% Pd-C (0.10 g) in EtOAc (25 mL) was complete 
in 5 h at rt. The crude reaction mixture was filtered over celite and the celite cake washed 
with DCM and EtOAc. The solvents were removed in vacuum and the solid residue 
purified by column chromatography (Pentane: EtOAc; 95: 5, Rf = 0.54) to yield 16 as a 
yellow viscous oil (0.49 g, full conversion). 
1H NMR (400 MHz, CDCl3) į = 7.90 (d, J = 
8.1 Hz, 2H), 7.83 (s, 1H), 7.20 (s, 2H), 7.04 (d, J = 8.1 Hz, 2H), 2.76 (t, J = 8.1 Hz, 4H), 
1.71 – 1.66 (m, 4H), 1.39 – 1.31 (m, 12H), 0.89 (t, J = 5.5 Hz, 6H). 
13C NMR (101 MHz, 
CDCl3) į = 140.62, 139.93, 121.34, 120.23, 119.62, 109.98, 36.52, 31.95, 31.79, 29.06, 
22.64, 14.12. HRMS (M
++1): calcd. for C24H34N: 336.2691, found 336.2697. 
 
4,8-dihexyl-2,10-dimethyl-10,11-dihydro-1H-dicyclopenta[c,g]carbazole-3,9(2H,6H)-
dione (21): Compound 21 was prepared using General procedure A from the carbazole 16 
(0.85 g, 2.53 mmol), methacrylic acid (12.2 mL, 143.5 mmol) and polyphosphoric acid (50 
g, 0.52 mol). The crude product was purified using flash column chromatography (SiO2, 
pentane: EtOAc; 4: 1, Rf = 0.32). Compound 21 was obtained as yellow oil (0.31 g, 0.66 
mmol, 26%). 
General procedure B; compound 16 (0.70 g, 2.09 mmol) was added slowly to a suspension 
of AlCl3 (1.11 g, 8.36 mmol) and methacryloyl chloride (0.30 mL, 4.18 mmol) in DCM (50 
mL) at -78°C. The mixture was subsequently allowed to warm and stir at rt overnight. The 
mixture was carefully hydrolyzed on ice, and the organic layer was separated. The aqueous 
phase was extracted with DCM (3×30 mL), and the combined organic fractions were 
washed with (aq.) NaHCO3 and dried over Na2SO4. The solvents were removed in vacuum 
and the solid residue purified by column chromatography to provide 21 (0.23 g, 0.48 mmol, 
23%). 
1H NMR (400 MHz, CDCl3) į 8.66 (s, 1H), 7.20 (s, 2H), 4.03 (dd, J = 16.9, 8.1 Hz, 
2H), 3.32 – 3.23 (m, 4H), 3.20 – 3.16 (m, 2H), 2.85 – 2.81 (m, 2H), 1.69 – 1.63 (m, 4H), 
1.46 – 1.40 (m, 4H), 1.41 (d, J = 7.3 Hz, 6H), 1.36 – 1.29 (m, 8H), 0.88 (t, J = 6.8 Hz, 6H). 
13C NMR (101 MHz, CDCl3) į = 208.66, 149.81, 143.48, 142.88, 127.38, 118.42, 111.20, 
42.02, 36.73, 32.35, 31.78, 31.08, 29.38, 22.70, 17.01, 14.13. HRMS (M
++1): calcd. for 
C32H42NO2: 472.3216, found 472.3211. 
 
tert-butyl-4,8-dihexyl-2,10-dimethyl-3,9-dioxo-2,3,10,11-tetrahydro-1H-
dicyclopenta[c,g]carbazole-6(9H)-carboxylate (23): A mixture of compound 21 (40 mg, From Molecular Motors to Translational Movement of the 2
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0.09 mmol), Boc2O (27.8 mg, 1.34 mmol) and 4-DMAP (11 mg, 0.09 mmol) was dried 
using a vacuum pump, the atmosphere switched to N2 and the mixture dissolved in dry 1,4-
dioxane (5 mL). The reaction mixture was stirred for 5 h at rt, quenched with water, 
followed by extraction with EtOAc. The organic solvent was dried with Na2SO4, the 
solvent removed in vacuum and the residue was then purified by column chromatography 
(SiO2, pentane: EtOAc; 92: 8, Rf = 0.22). Compound 23 was obtained as yellow oil (0.36 g, 
0.06 mmol, 69%). 
1H NMR (400 MHz, CDCl3) į = 8.26 (s, 2H), 4.07 (dd, J = 16.8, 8.0 Hz, 
2H), 3.31 (dd, J = 16.9, 3.8 Hz, 2H), 3.28 – 3.15 (m, 4H), 2.86 – 2.76 (m, 2H), 1.80 (s, 9H), 
1.72 – 1.62 (m, 4H), 1.46 – 1.41 (m, 4H), 1.41 (d, J = 7.4 Hz, 6H), 1.37 – 1.30 (m, 8H), 
0.89 (t, J = 7.0 Hz, 6H). 
13C NMR (101 MHz, CDCl3) į = 208.80, 150.39, 147.85, 143.45, 
143.03, 129.72, 120.74, 116.51, 85.59, 42.05, 37.36, 32.54, 31.75, 31.11, 29.37, 28.31, 
22.68, 16.67, 14.11. HRMS (M
++1): calcd. for C37H50NO4: 572.3734, found 572.3723. 
 
3,9-di(9H-fluoren-9-ylidene)-4,8-dihexyl-2,10-dimethyl-2,3,6,9,10,11-hexahydro-1H-
dicyclopenta[c,g]carbazole (28): Lawesson’s reagent (0.70 g, 1.73 mmol) was added to a 
stirred solution of 23 (0.25 g, 0.44 mmol) in toluene (10 mL). After heating at 100ºC for 3 
h, the red reaction mixture was cooled to room temperature. The reaction mixture was 
purified through a short column chromatography; TLC (Pentane:EtOAc, 9:1 v/v) to give 
the first band with red color solution of thioketone 24 which was used without further 
purification after concentrated in vacuo. To a solution of thioketone 24 in toluene (8 mL), 
9-diazo-9H-fluorene 25 (0.34 g, 1.77 mmol) was added and the mixture was heated at 80 
°C for 16 h. PPh3 (0.35 g, 1.32 mmol) was added and the mixture stirred and heated for an 
additional 5 h at 80 ºC. The reaction mixture was concentrated in vacuo. The crude mixture 
was purified by column chromatography; TLC (pentane: EtOAc, 99: 1 v/v): Rf = 0.68, (first 
racemic mixture of enantiomers ((R,R)- and (S,S)-) and Rf  = 0.66 (second meso-(R,S)-
isomer) yielding a mixture of diastereomers 27 together as an orange oil. Continued with 
the deprotection of Boc-group, compound 27 (0.21 g, 0.24 mmol, 55% from compound 23) 
was dissolved in dry THF (10 mL) and TBAF (1 M in THF, 5 equiv, 1.2 mL) was added at 
rt. The reaction mixture was stirred at 60 °C for 6 h, the solvent was evaporated and a 
mixture of diastereomers 28 was obtained as an orange oil (180 mg, 0.23 mmol, 96%). The 
residue was purified by column chromatography and both meso and racemic compounds 28 
were separated at this point. 
Meso-(R,S)-28: TLC (Pentane:EtOAc, 95:5 v/v): Rf = 0.37 (45 mg); 
1H NMR (400 MHz, 
CDCl3): G 8.33 p.p.m. (s, 1H), 7.95 (d, J = 7.5 Hz, 2H), 7.82 (dd, J = 6.1, 2.3 Hz, 2H), 7.74 
(d, J = 7.2 Hz, 2H), 7.49 (d, J = 7.7 Hz, 2H), 7.42–7.28 (m, 4H), 7.25 (t, J = 8.7 Hz, 2H), 
7.14 (s, 2H), 7.04 (t, J = 7.7 Hz, 2H), 4.37–4.27 (m, 2H), 3.79 (dd, J = 15.2, 5.6 Hz, 2H), 
3.44 (d, J = 15.0 Hz, 2H), 3.10–3.00 (m, 2H), 2.68–2.57 (m, 2H), 1.61 (s, 4H), 1.51 (d, J = 
6.7 Hz, 6H), 1.07–0.92 (m, 12H), 0.69 (t, J = 7.0 Hz, 6H); 
13C NMR (126 MHz, CDCl3): į  
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152.84, 141.31, 140.35, 139.73, 139.60, 138.92, 138.08, 136.61, 133.43, 129.34, 128.37, 
126.87, 126.77, 126.43, 126.37, 122.60, 121.62, 119.60, 109.16, 108.69, 44.71, 42.95, 
34.78, 32.36, 31.52, 28.52, 22.34, 19.39, 13.91. 
Racemic mixture of (R,R)- and (S,S)-28: TLC (Pentane:EtOAc, 95:5 v/v): Rf = 0.42 (135 
mg); 
1H NMR (400 MHz, CDCl3):  į 8.30 p.p.m. (s, 1H), 7.93 (d, J = 6.4 Hz, 2H), 7.85 (dd, 
J = 5.1, 2.3 Hz, 2H), 7.78 (d, J = 7.6 Hz, 2H), 7.60 (d, J = 7.9 Hz, 2H), 7.38 (dd, J = 6.2, 
2.4 Hz, 4H), 7.31–7.26 (m, 4H), 7.08 (t, J = 7.6 Hz, 2H), 4.35–4.26 (m, 2H), 3.84 (dd, J = 
14.7, 5.6 Hz, 2H), 3.19 (d, J = 14.9 Hz, 2H), 3.13–3.01 (m, 2H), 2.78–2.68 (m, 2H), 1.49–
1.44 (m, 4H), 1.34 (d, J = 6.7 Hz, 6H), 1.12–0.92 (m, 12H), 0.67 (t, J = 7.0 Hz, 6H); 
13C 
NMR (101 MHz, CDCl3):  į 153.27, 141.73, 141.03, 140.28, 139.80, 139.56, 138.85, 
138.15, 132.78, 128.11, 127.68, 126.73, 126.41, 126.27, 123.63, 122.62, 119.58, 119.14, 
109.64, 109.60, 44.67, 42.84, 34.59, 32.24, 31.62, 28.49, 22.41, 19.40, 13.95. 
HRMS (m/z): [M+1]
+ calcd for C58H58N, 768.4564; found, 768.4612. 
Starting from this step all the further steps were performed separately for racemic and 
meso compounds using identical reaction procedures. Chiral HPLC figures corresponding 
to meso-30, meso-5, racemic-30 and racemic-5 are provided in the main text. 
 
3,9-di(9H-fluoren-9-ylidene)-4,8-dihexyl-6-(4-iodophenyl)-2,10-dimethyl-2,3,6,9,10,11-
hexahydro-1H-dicyclopenta[c,g]carbazole (32): To a mixture of compound 28 (24.7 mg, 
0.032 mmol), CuI (6.1 mg, 0.0032 mmol), K2CO3 (6.6 mg, 0.048 mmol) and 1-bromo-4-
iodobenzene (29) (10.9 mg, 0.039 mmol) in DMF (8 mL) under N2 atmosphere. A 1,3-
di(pyridin-2-yl)propane-1,3-dione (0.7 mg, 0.0032 mmol) in DMF (2 mL) was added via 
syringe and the reaction mixture was stirred at 120 °C for 16 h. After cooling, the crude 
product was extracted with EtOAc, washed with water (3×10 mL) and dried over Na2SO4. 
The organic solvent was evaporated to afford the crude product. For the following 
Finkelstein reaction, crude compound 30 (23 mg, 0.025 mmol), CuI (10 mol%) and dried 
NaI (6 equiv) was dissolved in dry 1,4-dioxane (5 mL) and then N,N-dimethylethane-1,2-
diamine were added via syringe and the reaction mixture stirred at 120
°C for 1 h and further 
heated to 130°C for 16 h. The reaction crude was filtrated over celite and the celite cake 
was washed with DCM. The solvents were removed in vacuum and the solid residue was 
purified by column chromatography to give 32 as orange oil. 
Meso-(R,S)-32: TLC (pentane: EtOAc, 99: 1 v/v): Rf = 0.74 (7 mg, 58%); 
1H NMR (400 
MHz,  CDCl3): G 8.07 p.p.m. (d, J = 8.6 Hz, 2H), 7.94 (d, J = 6.8 Hz, 2H), 7.82 (d, J = 7.0 From Molecular Motors to Translational Movement of the 2
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Hz, 2H), 7.74 (d, J = 7.4 Hz, 2H), 7.51–7.45 (m, 4H), 7.42–7.33 (m, 4H), 7.25 (t, J = 8.7 
Hz, 2H), 7.12 (s, 2H), 7.03 (t, J = 7.1 Hz, 2H), 4.36–4.27 (m, 2H), 3.79 (dd, J = 14.5, 5.3 
Hz, 2H), 3.44 (d, J = 15.2 Hz, 2H), 3.11–3.02 (m, 2H), 2.67–2.58 (m, 2H), 1.66–1.58 (m, 
4H), 1.51 (d, J = 6.7 Hz, 6H), 1.12–0.96 (m, 12H), 0.68 (t, J = 7.1 Hz, 6H); 
13C NMR (101 
MHz, CDCl3): į 152.70, 143.22, 141.30, 140.03, 139.76, 139.60, 139.43, 138.87, 137.94, 
137.02, 133.33, 129.84, 128.31, 127.28, 126.72, 126.37, 123.65, 122.83, 122.60, 122.51, 
119.58, 119.09, 108.68, 91.11, 44.11, 43.12, 34.88, 32.63, 31.59, 29.70, 22.44, 19.84, 
13.96. HRMS (m/z): [M+1]
+ calcd for C64H61IN, 970.3843; found, 970.3887. 
A  meso-(R,S)-30 was analysed by chiral HPLC using chiralcel AD column (heptane:i-
propanol, 95:5 v/v): Major fraction was found with retention time = 4.36 min. 
Racemic mixture of (R,R)- and (S,S)-32: TLC (pentane: EtOAc, 99: 1 v/v): Rf = 0.79 (16.2 
mg, 64%); 
1H NMR (400 MHz, CDCl3): į 8.07 p.p.m. (d, J = 8.6 Hz, 2H), 7.96 (d, J = 7.9 
Hz, 2H), 7.87–7.83 (m, 2H), 7.78 (d, J = 7.6 Hz, 2H), 7.62 (d, J = 7.9 Hz, 2H), 7.51 (d, J = 
8.6 Hz, 2H), 7.41–7.37 (m, 4H), 7.30 (t, J = 7.4 Hz, 2H), 7.15 (s, 2H), 7.10 (t, J = 6.1 Hz, 
2H), 4.38–4.30 (m, 2H), 3.89 (dd, J = 15.1, 5.7 Hz, 2H), 3.23 (d, J = 15.0 Hz, 2H), 3.13–
3.02 (m, 2H), 2.70–2.60 (m, 2H), 1.36 (d, J = 6.4 Hz, 6H), 1.33–1.27 (m, 4H), 1.02–0.93 
(m, 12H), 0.65 (t, J = 7.1 Hz, 6H); 
13C NMR (101 MHz, CDCl3): į 152.83, 143.06, 141.32, 
140.35, 139.74, 139.62, 139.36, 138.94, 138.10, 137.34, 133.47, 129.56, 128.39, 126.83, 
126.77, 126.43, 126.38, 123.67, 122.62, 119.60, 119.26, 119.17, 108.71, 92.91, 44.71, 
42.97, 34.79, 32.36, 31.52, 28.53, 22.39, 19.40, 13.91. HRMS (m/z): [M+1]
+ calcd for 
C64H61IN, 970.3843; found, 970.3887. 
A racemic mixture of (R,R)-30 and (S,S)-30 was also analysed by chiral HPLC using a 
chiralcel AD column (Heptane:i-propanol, 95:5 v/v): the first eluted fraction at t = 3.07 min 
(57.5 % area) and the second fraction at t = 3.87 min (42.5 % area), respectively. 
 
6-(4-ethynylphenyl)-3,9-di(9H-fluoren-9-ylidene)-4,8-dihexyl-2,10-dimethyl-
2,3,6,9,10,11-hexahydro-1H-dicyclopenta[c,g]carbazole (34): Compound 32 (35.1 mg, 
0.036 mmol) was dissolved in dry Et3N/THF (5: 5 mL) and the solution was degassed via 
three freeze-pump-thaw cycles. PdCl2(PPh3)2 (5 mol%, 1.3 mg, 0.0018 mmol), CuI (5 
mol%, 0.4 mg, 0.0018 mmol) and trimethylsilylacetylene (0.05 mL, 0.362 mmol) was 
added and the reaction mixture stirred at 50°C for 16 h. The reaction crude was filtrate over 
celite and the celite cake washed with DCM and EtOAc. The solvents were removed in 
vacuum and the crude of compound 33 was dissolved in THF (3 mL) and TBAF (1 M in 
THF, 0.040 mL, 0.040 mmol) was added at rt and the reaction mixture was stirred for 30  
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min. The solvent was evaporated and the residue was flashed over a short path of silica gel 
with DCM to yield 34 as orange viscous oil. 
Meso-(R,S)-34: TLC (pentane: EtOAc, 99: 1 v/v): Rf = 0.74 (5 mg, 71%); 
1H NMR (400 
MHz, CDCl3): į 7.95 p.p.m. (d, J = 7.2 Hz, 2H), 7.87 (d, J = 8.5 Hz, 2H), 7.82 (d, J = 8.6 
Hz, 2H), 7.74 (d, J = 7.3 Hz, 2H), 7.69 (d, J = 8.3 Hz, 2H), 7.49 (d, J = 7.9 Hz, 2H), 7.42–
7.33 (m, 4H), 7.25 (t, J = 8.2 Hz, 2H), 7.15 (s, 2H), 7.03 (t, J = 7.0 Hz, 2H), 4.37–4.26 (m, 
2H), 3.79 (dd, J = 15.2, 5.7 Hz, 2H), 3.45 (d, J = 15.0 Hz, 2H), 3.12–3.01 (m, 2H), 2.67–
2.58 (m, 2H), 1.77–1.56 (m, 4H), 1.52 (d, J = 6.7 Hz, 6H), 1.12–0.95 (m, 12H), 0.68 (t, J = 
7.0 Hz, 6H). 
Racemic mixture of (R,R)- and (S,S)-34: TLC (pentane: EtOAc, 99: 1 v/v): Rf = 0.75 (16.1 
mg, 73%); 
1H NMR (400 MHz, CDCl3): į 7.93 p.p.m. (dd, J = 5.7, 3.1 Hz, 2H), 7.88–7.83 
(m, 4H), 7.78 (d, J = 7.5 Hz, 2H), 7.72 (d, J = 8.5 Hz, 2H), 7.61 (d, J = 7.9 Hz, 2H), 7.40–
7.36 (m, 4H), 7.29 (t, J = 7.5 Hz, 2H), 7.17 (s, 2H), 7.10 (t, J = 7.6 Hz, 2H), 4.37–4.29 (m, 
2H), 3.89 (dd, J = 15.0, 5.9 Hz, 2H), 3.25 (s, 1H), 3.22 (d, J = 15.0 Hz, 2H), 3.11–3.01 (m, 
2H), 2.69–2.60 (m, 2H), 1.35 (d, J = 6.7 Hz, 6H), 1.31–1.21 (m, 4H), 1.06–0.91 (m, 12H), 
0.64 (t, J = 7.1 Hz, 6H); 
13C NMR (101 MHz, CDCl3) į = 152.86, 143.03, 141.29, 140.35, 
139.74, 139.62, 138.93, 138.11, 137.91, 133.91, 133.49, 128.39, 127.51, 126.82, 126.77, 
126.45, 126.37, 123.67, 122.63, 121.75, 119.60, 119.31, 119.16, 108.82, 82.86, 78.51, 
44.72, 42.98, 34.78, 32.31, 31.51, 28.52, 22.38, 19.39, 13.94.  
HRMS (m/z): [M+1]
+ calcd for C66H62N, 868.4877; found, 868.4896. 
 
1,4-bis(4-(3,9-di(9H-fluoren-9-ylidene)-4,8-dihexyl-2,10-dimethyl-2,3,10,11-
tetrahydro-1H-dicyclopenta[c,g]carbazol-6(9H)-yl)phenyl)buta-1,3-diyne (5): To a 
solution of PdCl2(PPh3)2 (10 mol%, 2.0 mg, 0.0028 mmol), CuI (10 mol%, 0.5 mg, 0.0028 
mmol) in dry Et3N/THF (5:2 mL) was degassed via three freeze-pump-thaw cycles. A 
mixture of (R,R)- and (S,S)-34 (24.5 mg, 0.0282 mmol) in THF (3 mL) were slowly added 
via syringe to the reaction mixture and the reaction was stirred at 60 
°C for 16 h. After 
cooling down to room temperature, the crude mixture was filtered over celite and the celite 
cake was washed with DCM and EtOAc. The solvents were removed in vacuum and the 
solid residue purified by column chromatography to yield a diastereomeric mixtures of 
(R,R-R,R)-, (S,S-S,S)- and (R,R-S,S)-5 as an orange solid (20.8 mg, 0.012 mmol, 85 %); 
TLC (pentane: DCM, 9:1 to 7:3 v/v): Rf = 0.23; m.p.= 279-282 °C.
 1H NMR (400 MHz, 
CDCl3): į 7.94 p.p.m. (t, J = 7.3 Hz, 8H), 7.87í7.83 (m, 4H), 7.79 (d, J = 8.2 Hz, 8H), 7.63 From Molecular Motors to Translational Movement of the 2
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(d, J = 7.9 Hz, 4H, ArH), 7.40í7.37 (m, 8H), 7.30 (t, J = 7.5 Hz, 4H), 7.22 (s, 4H), 7.11 (t, 
J = 7.6 Hz, 4H), 4.36í4.31 (m, 4H), 3.90 (dd, J = 15.3, 5.7 Hz, 4H), 3.23 (d, J = 14.8 Hz, 
4H), 3.13í3.03 (m, 4H), 2.71í2.62 (m, 4H), 1.35 (d, J = 6.7 Hz, 12H), 1.30í1.24 (m, 16H), 
0.99í0.94 (m, 16H), 0.66 (t, J = 7.0 Hz, 12H); 
13C-NMR (101 MHz, CDCl3): į 152.77, 
142.91, 141.36, 140.41, 139.74, 139.65, 139.28, 138.98, 138.47, 138.11, 134.34, 133.67, 
128.49, 127.59, 126.87, 126.80, 126.47, 126.42, 124.07, 123.69, 123.51, 122.64, 121.12, 
119.62, 119.44, 119.19, 115.91, 114.06, 108.83, 81.47, 75.09, 44.74, 43.01, 34.81, 33.82, 
32.33, 31.93, 31.61, 31.53, 29.70, 29.67, 29.16, 28.96, 28.55, 22.69, 22.39, 19.40, 14.12, 
13.92 (lower number of aromatic carbons is due to overlap); MALDI-TOF MS (trans-2-[3-
(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile as the matrix): m/z calcd for 
C132H120N2, 1733.9485; found, 1733.8197. The isomeric mixture was also analyzed by 
chiral HPLC using a chiralcel AD column with a mixture of n-heptane: i-propanol (95: 5 
v/v) as the eluent. As expected the mixture was composed of 3 peaks; the first eluted 
fraction at t = 3.18 min (24.8 % area), the second fraction at t = 3.54 min (51.8 % area) and 
the third fraction at t = 4.37 min (23.4 % area), respectively. 
Analogous, a solution of PdCl2(PPh3)2 (10 mol%, 0.28 mg, 0.0004 mmol), CuI (10 mol%, 
0.08 mg, 0.0004 mmol) in dry Et3N/THF (3:1 mL) was degassed via three freeze-pump-
thaw cycles. Subsequently, enantiopure meso-(R,S)-34 (3.5 mg, 0.004 mmol) in THF (2 
mL) was slowly added via a syringe to the reaction mixture and the mixture was stirred at 
60
°C for 16 h. As described above, the solid residue was purified by column 
chromatography to yield meso-(R,S-R,S)-enantiomer 1 (2.8 mg, 0.0016 mmol, 80 %); TLC 
(Pentane:DCM, 9:1 to 6:4 v/v): RF = 0.41; 
1H NMR (400 MHz, CDCl3): į 7.96 p.p.m. (d, J 
= 8.4 Hz, 8H), 7.83 (d, J = 6.6 Hz, 4H), 7.75 (dd, J = 7.7, 3.6 Hz, 8H), 7.50 (d, J = 7.8 Hz, 
4H), 7.42í7.34 (m, 8H), 7.27 (d, J = 4.8 Hz, 4H), 7.20 (s, 4H), 7.05 (t, J = 7.1 Hz, 4H), 
4.36í4.30 (m, 4H), 3.81 (dd, J = 15.3, 6.1 Hz, 4H), 3.46 (d, J = 15.3 Hz, 4H), 3.13í3.04 
(m, 4H), 2.71í2.60 (m, 4H), 1.53 (d, J = 7.8 Hz, 12H), 1.44í1.38 (m, 8H), 1.12í1.05 (m, 
10H), 1.03í0.98 (m, 14H), 0.70 (t, J = 7.1 Hz, 12H); 
13C NMR (126 MHz, CDCl3): į 
166.99, 152.79, 150.08, 143.79, 142.84, 141.32, 141.13, 140.38, 139.70, 139.59, 138.93, 
138.06, 134.32, 133.62, 132.26, 131.83, 128.42, 127.55, 126.85, 126.78, 126.45, 126.40, 
123.68, 122.60, 119.61, 119.40, 119.18, 108.81, 102.43, 81.44, 75.04, 45.43, 44.72, 42.98, 
41.66, 38.37, 34.79, 32.36, 32.12, 31.53, 29.71, 29.48, 29.37, 28.54, 22.40, 22.37, 21.39, 
19.40, 13.94, 13.91 (lower number of aromatic carbons is due to overlap). MALDI-TOF 
MS (trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile as the 
matrix): m/z calcd for C132H120N2, 1733.9485; found, 1734.4771. The meso-isomer 1 was 
analyzed by chiral HPLC using chiralcel AD column with a mixture of n-heptane:i-
propanol (95:5 v/v) as the eluent. Only 1 fraction was found with retention time t = 8.49 
min (100 % area). 
 
1,4-di(hex-1-ynyl)benzene (41): 1,4-Diiodobenzene (40) (1.5 g, 4.55 mmol) was dissolved 
in a mixture of dry Et3N/THF (5:5 mL) and the solution was degassed via three freeze- 
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pump-thaw cycles. PdCl2(PPh3)2 (0.32 g, 0.46 mmol) and CuI (86.6 mg, 0.46 mmol) were 
added and the reaction mixture stirred at room temperature for 5 min. 1-Hexyne (4.0 mL, 
36.37 mmol) was slowly added (with syringe pump addition in 30 min) to the reaction 
mixture and the mixture was stirred at 60°C for 16 h. Next, the crude reaction mixture was 
filtered over celite and the celite cake washed with DCM and EtOAc. The solvents were 
removed in vacuum and the solid residue purified by column chromatography (pentane, Rf 
= 0.61) to yield 41 as a brown solid (1.02 g, 4.29 mmol, 94%). 
1H NMR (400 MHz, CDCl3) 
į = 7.31 (d, J = 2.5 Hz, 4H), 2.42 (t, J = 7.0 Hz, 4H), 1.64 – 1.55 (m, 4H), 1.54 – 1.43 (m, 
4H), 0.96 (t, J = 7.3 Hz, 6H). 
13C NMR (101 MHz, CDCl3) į = 131.28, 123.14, 91.79, 
80.34, 30.76, 21.99, 19.13, 13.60. HRMS (M
+): calcd. for C18H22: 238.1722, found 
238.1727. 
 
1,4-dihexylbenzene (42): Hydrogenation of compound 41 (1.02 g, 4.29 mmol) with H2 
(gas) in the presence of 10% Pd-C (0.20 g) in EtOAc (20 mL) was completed in 5 h at rt. 
The mixture was filtered over celite and the celite cake washed with EtOAc. The solvent 
was removed in vacuum and the solid residue purified by column chromatography 
(pentane, Rf = 0.79) to yield 42 as a yellow viscous oil (1.06 g, full conversion). 
1H NMR 
(400 MHz, CDCl3) į = 7.22 (d, J = 1.8 Hz, 4H), 2.74 – 2.68 (m, 4H), 1.80 – 1.70 (m, 4H), 
1.55 – 1.37 (m, 12H), 1.04 (t, J = 6.2 Hz, 6H). 
13C NMR (101 MHz, CDCl3) į = 140.02, 
128.22, 35.64, 31.82, 31.62, 29.12, 22.67, 14.11. HRMS (M
+): calcd. for C18H30: 246.2348, 
found 246.2351. 
 
4,7-dihexyl-2,3-dihydro-1H-inden-1-one (44): General procedure C;
34 a solution of E-
chloropropionyl chloride (0.19 mL, 2.02 mmol) and compound 42 (0.50 g, 2.02 mmol) in 
CS2 (5 mL) under N2 atmosphere was added over 30 min to anhydrous AlCl3 (0.32 g, 2.42 
mmol) in CS2 (10 mL). After 3 h of stirring at rt, the CS2 was removed under reduced 
pressure to provide an oil. To the residual oil 10 mL of (conc.) H2SO4 were added and the 
mixture was heated at 90°C for 45 min. After cooling to rt, the mixture was poured onto 50 
g of crushed ice and the reaction mixture was extracted with Et2O. The combined organic 
layers were washed with water, saturated aq. NaHCO3, brine, dried over Na2SO4, filtered 
and the solvent removed in vacuo. The crude material was purified by flash column 
chromatography (silica gel, pentane: EtOAc, 95:5, Rf = 0.67) yielding 44 (0.13 g, 0.43 
mmol, 22%) as light yellow oil. 
1H NMR (400 MHz, CDCl3) į = 7.29 (d, J = 7.5 Hz, 1H), 
7.09 (d, J = 7.6 Hz, 1H), 3.09 – 2.98 (m, 4H), 2.71 – 2.62 (m, 4H), 1.71 – 1.54 (m, 4H), 
1.46 – 1.25 (m, 12H), 0.97 – 0.87 (m, 6H). 
13C NMR (101 MHz, CDCl3) į = 207.97, 
154.40, 141.31, 137.58, 133.70, 133.41, 128.34, 36.70, 31.73, 31.70, 31.56, 31.29, 30.95, From Molecular Motors to Translational Movement of the 2
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29.89, 29.28, 29.21, 23.90, 22.62, 22.59, 14.09, 14.06. HRMS (M
++1): calcd. for C21H33O: 
301.2531, found 301.2536. 
 
4,7-dihexyl-2-methyl-2,3-dihydro-1H-inden-1-one (43): Compound 43 was prepared via 
General procedure C; compound 42 (0.20 g, 0.81 mmol), methacryloyl chloride (0.06 mL, 
0.81 mmol) and AlCl3 (0.13 g, 0.98 mol) with (conc.) H2SO4 (5 mL) were used. The crude 
product was purified using flash column chromatography (SiO2, pentane: EtOAc; 98:2, Rf = 
0.41). Compound 43 was obtained as a light yellow oil (45.9 mg, 0.15 mmol, 18%). 
General procedure D; to a solution of dry diisopropylamine (0.08 mL, 0.57 mmol) in THF 
(3 mL) under a N2 atmosphere (cooled to -78°C), n-BuLi (1.6 M in hexane, 0.33 mL, 0.52 
mmol) was added. The mixture was left stirring at 0°C for 20 min to generate a solution of 
lithium diisopropylamide (LDA). A solution of compound 44 (0.13 g, 0.44 mmol) in THF 
(2 mL) was added to the LDA solution at -78°C and the reaction mixture was left stirring 
for 1 h. Subsequently methyl iodide (0.03 mL, 0.48 mmol) in THF (2 mL) was slowly 
added and the mixture was allowed to continue stirring another 3 h at -78°C. Next the 
reaction was quenched with aq. NH4Cl solution (15 mL), the mixture extracted with DCM 
(2×10 mL) and the combined organic layer was washed with water and brine, then dried 
over Na2SO4, filtered and evaporated the solvents under reduced pressure. The crude 
product was purified by column chromatography (pentane: EtOAc; 98:2) to yield 43 as a 
viscous yellow oil (66%, 91.3 mg, 0.29 mmol and 15% overall yield from compound 42). 
1H NMR (400 MHz, CDCl3) į = 7.27 (d, J = 6.8 Hz, 1H), 7.07 (d, J = 7.6 Hz, 1H), 3.29 
(dd, J = 16.7, 7.8 Hz, 1H), 3.01 (qt, J = 13.1, 7.7 Hz, 2H), 2.68 – 2.54 (m, 4H), 1.67 – 1.51 
(m, 4H), 1.42 – 1.32 (m, 12H), 1.30 (d, J = 7.3 Hz, 3H), 0.93 – 0.85 (m, 6H). 
13C NMR 
(101 MHz, CDCl3) į = 210.34, 152.53, 141.50, 137.39, 133.48, 133.01, 128.42, 42.12, 
33.13, 31.73, 31.71, 31.66, 31.39, 31.04, 29.94, 29.36, 29.24, 22.66, 22.61, 16.41, 14.10, 
14.07. HRMS (M
++1): calcd. for C22H35O: 315.2188, found 315.2192. 
 
9-(4,7-dihexyl-2-methyl-2,3-dihydro-1H-inden-1-ylidene)-9H-fluorene (39): Lawesson’s 
reagent (0.12 g, 0.29 mmol) was added to a stirred solution of 43 (62 mg, 0.20 mmol) in 
toluene (10 mL). After heating at 80 ºC for 2 h, the blue reaction mixture was cooled to rt. 
The reaction mixture was purified by column chromatography (pentane: EtOAc, 98:2) to 
provide the purple solution of thioketone 45 which was used without further purification. 
To a solution of thioketone 45 in toluene (5 mL), 9-diazo-9H-fluorene (25) (46 mg, 0.24 
mmol) was added and the mixture was heated at 80°C for 4 h. Subsequently the crude 
episulfide was desulfurized by copper (0) powder (20 mg, 0.32 mmol) and subjected to 
heating at 80 ºC for 16 h. The reaction mixture was concentrated in vacuo. The crude  
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mixture was purified by column chromatography (silica gel; pentane, Rf = 0.83) giving 39 
(33 mg, 0.072 mmol, 36%) as a light yellow oil. 
1H NMR (400 MHz, CDCl3) į = 7.89 (dd, 
J = 5.7, 2.9 Hz, 1H), 7.81 (dd, J = 5.5, 3.3 Hz, 1H), 7.74 (d, J = 7.5 Hz, 1H), 7.53 (d, J = 
7.9 Hz, 1H), 7.36 (dd, J = 5.7, 3.1 Hz, 2H), 7.30 – 7.26 (m, 1H), 7.14 (m, 2H), 7.12 – 7.07 
(m, 1H), 4.19 – 4.10 (m, 1H), 3.19 (dd, J = 14.8, 5.8 Hz, 1H), 2.83 – 2.74 (m, 1H), 2.65 – 
2.53 (m, 4H), 1.67 – 1.57 (m, 2H), 1.42 – 1.34 (m, 4H), 1.33 (d, J = 6.7 Hz, 3H), 1.31 – 
1.22 (m, 6H), 1.11 – 0.85 (m, 11H), 0.68 (t, J = 7.1 Hz, 3H). 
13C NMR (101 MHz, CDCl3) 
į = 152.92, 144.34, 139.90, 139.86, 139.71, 139.30, 139.19, 137.92, 136.70, 129.62, 
129.47, 127.56, 127.03, 126.78, 126.69, 126.50, 123.94, 123.47, 119.57, 119.06, 44.17, 
39.64, 34.10, 32.69, 31.98, 31.76, 31.59, 30.38, 30.32, 29.24, 28.53, 22.63, 22.41, 19.12, 
14.08. HRMS (M
++1): calcd. for C35H43: 463.3359, found 463.3355. 
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Samenvatting 
De fascinerende, moleculaire machines die voorkomen in verschillende biologische 
systemen, zijn een belangrijke bron van inspiratie voor het onderzoek naar het controleren 
van translationele en roterende bewegingen op nanoschaal. In de afgelopen decennia 
hebben wetenschappers geprobeerd deze complexe, biologische machines dusdanig te 
manipuleren dat ze ook buiten de cel werk kunnen uitvoeren. Het bestaan van deze hoog 
ontwikkelde supramoleculare biomachines die in staat zijn mechanische arbeid te 
verrichten door middel van roterende en translationele beweging, is een bijzondere 
stimulans voor de ontwikkeling van volledig kunstmatige, machine-achtige moleculen. Een 
kunstmatig, moleculair, unidirectioneel roterend systeem zou een rol van betekenis kunnen 
spelen in de nanotechnologie van de toekomst. De unidirectioneel roterende moleculaire 
motoren die tot nu toe zijn ontwikkeld, kunnen worden aangedreven door chemische, 
fotochemische en elektrische energiebronnen. 
Een verscheidenheid aan moleculen die in staat zijn tot fotochemisch gedreven, 
unidirectionele beweging, gebaseerd op sterisch overbezette alkenen, zijn in onze groep 
gesynthetiseerd en bestudeerd. Deze door licht aangedreven moleculaire motoren 
ondergaan een volledige 360° unidirectionele rotatie, waarbij de richting van die rotatie 
bepaald wordt door het stereogene centrum in het molecuul. De tweede generatie 
moleculaire motor 1 bijvoorbeeld heeft een structuur waarbij de bovenste helft, genaamd de 
rotor, met daarin een chirale groep (de methylgroep op de 2’-positie), die door een centrale 
dubbele binding (de as) verbonden is met de asymmetrische onderste helft, de zogenaamde 
stator (Schema 1). 
rotor
stator
as
Meax Meeq
Meax
MeO MeO
MeO
stabiel cis-(P)-1
onstabiel cis-(M)-1
onstabiel trans-(M)-1
stabiel trans-(P)-1
UV-licht
stap 1
stap 2 stap 4
stap 3
Heat Heat
Meeq
MeO
UV-licht
 
Schema 1. Volledige 360° unidirectionele rotationele cyclus van een tweede generatie door 
licht aangedreven motor 1. 
De unidirectionele rotatie van moleculaire motor 1 bestaat uit een cyclus van vier 
geschakelde stappen: twee fotochemische cis-trans isomerisaties (stap 1 en 3) geïnduceerd 
door uv-licht en twee thermische helix-inversies (stap 2 en 4).  
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Het belangrijkste doel van dit promotieonderzoek was het ontwikkelen van nieuwe, 
moleculaire motoren met een breed scala aan functies en toepassingen die uiteindelijk in 
staat zijn gecontroleerd, autonoom werk op nanoschaal uit te voeren. 
Hoofdstuk 1 begint met een overzicht van de literatuur aangaande verschillende types 
kunstmatige, moleculaire machines die ontwikkeld werden geïnspireerd door de natuur en 
die potentieel van nut zijn binnen het veld van de nanotechnologie. Het grootste deel 
hiervan betreft de bouw van kunstmatige, moleculaire machines (moleculaire rotors en 
motoren) in oplossing. Het laatste deel van dit hoofdstuk verschaft een kort overzicht van 
de toepassingen van kunstmatige, moleculaire systemen en hun grote potentie voor de 
ontwikkeling van geavanceerde, moleculaire machines die gebruik maken van bewegingen 
op nanoschaal.  
In hoofdstuk 2 worden nieuwe, synthetische routes voor het derivatiseren van 
functionele, moleculaire motoren beschreven. Twee korte methodes voor de synthese van 
rotorhalffabrikaten voor gefunctionaliseerde, moleculaire motoren werden onderzocht. 
Daarnaast werden meer complexe, moleculaire systemen ontwikkeld met behulp van deze 
halffabrikaten, met een focus op het ontwerp van hybride motoren. Het doel hiervan was 
om het volgende te onderzoeken: 1) het aggregatiegedrag van porphyrine hybride motoren 
bij verschillende standen van de motor (Figuur 1, structuur 2); en 2) dynamische systemen 
gebaseerd op een molecuul dat zowel motor- als rotorfuncties bevat (Figuur 1, structuur 3).  
 
Figuur 1. Structuren van moleculaire motor hybriden 2 en 3 voor verschillende 
toepassingen. 
Hoofdstuk 3 beschrijft de synthese en karakterisatie van de moleculaire oscillator 4. 
Het doel hiervan was om een nieuw, moleculair systeem te ontwerpen waarin translationele 
beweging gekoppeld is aan een rotatie via een gekatalyseerd systeem. De oscillatie wordt 
geïnduceerd door de translationele beweging van een Pd-gekatalyseerde, allylische 
omlegging. Deze sigmatrope omlegging van de allylacetaat groep veroorzaakt een overgang 
van  M- naar P-heliciteit (zie Schema 2). Op deze manier werd een katalytisch proces 
gekoppeld aan de mechanische beweging van een moleculair systeem.  
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Schema 2. Voorstelling van moleculaire oscillatie van de biaryl-allyl ester 4 geïnduceerd 
door een Pd-katalysator. 
In hoofdstuk 4 wordt de synthese en ontwikkeling van een reversibele, moleculaire 
motor 5 beschreven waarvan de richting van de rotatie omgekeerd kan worden door base-
gekatalyseerde epimerisatie. De belangrijkste stap is de base-gekatalyseerde epimerisatie 
aan het stereogene centrum van de moleculaire motor en de derhalve complete ommekeer 
van de richting van de rotatie. Dit leidde tot de ontdekking van de eerste door licht 
aangedreven, moleculaire motor die dusdanig geschakeld kan worden dat hij bij naar 
believen met de klok mee (Schema 3a) of tegen de klok in (Schema 3b) unidirectioneel kan 
roteren, afhankelijk van de gebruikte impuls. 
 
Schema 3. Voorstelling van een gecontroleerde rotatiecyclus met de klok mee (a) en tegen 
de klok in (b) van moleculaire motor 5 door basegekatalyseerde epimerisatie. 
Tenslotte beschrijven de hoofdstukken 5 en 6 de synthese en fotochemie van op 
motoren gebaseerde nano-auto moleculen. Ook werden individuele moleculen op 
oppervlaktes en hun bewegingen gevisualiseerd en onderzocht met behulp van scanning 
tunneling microscopy (STM). Elk hoofdstuk beschrijft een verschillend type nano-auto, 
respectievelijk  6 (Figuur 2a) en 7 (Figuur 2b). De synthetische uitdaging is de 
aanwezigheid van vier motorgroepen in één molecuul met een chassis om deze vier te 
verbinden. Twee types nano-auto met vier wielen, die bestaan uit moleculaire motoren, 
werden gesynthetiseerd en het systeem bleek werkzaam bij fotochemische activatie in 
oplossing.  
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Figuur 2. Het eerste ontwerp van flexibele nano-auto 6 en het tweede ontwerp van rigide 
nano-auto 7. 
Bovendien wordt in hoofdstuk 6 beschreven hoe een enkele moleculaire nano-auto 7 is 
gevisualiseerd en bestudeerd op een oppervlak met behulp van UHV-STM. Dit werd 
gedaan om te onderzoeken of directe translationele beweging bereikt kan worden door 
middel van een externe energie-invoer (d.w.z. elektrisch aangedreven), zoals te zien is in 
Figuur 3. Hier wordt aangetoond dat translationele beweging in één richting voortkomt uit 
gecoördineerd optreden van de motorgroepen. Onze moleculaire machine kan lineaire of 
willekeurige trajecten afleggen of zelfs stil blijven staan door het aanpassen van de 
chiraliteit van de afzonderlijke motoreenheden.  
 
Figuur 3. Willekeurige voortstuwing van een enkel molecuul 7 na elektronexcitatie; a) 
Beginpositie van de nano-auto 7 op een Cu oppervlak, b) Traject van 40 afzonderlijke 
stappen van een enkel molecuul 7, en c) Uiteindelijke positie van de nano-auto 7. 
Het ontwerp, de synthese en het bestuderen van nieuwe, kunstmatige, moleculaire 
motoren en machines worden hier gepresenteerd. De beschreven systemen werden 
voornamelijk ontwikkeld om de directioneel roterende beweging van moleculaire machines 
te besturen door middel van karakteristieke eigenschappen van moleculaire motoren. Veel 
belangrijke eigenschappen en de huidige beperkingen van motorsystemen werden 
geïdentificeerd en de effecten van aanpassingen aan de structuur op de functionele 
eigenschappen van deze moleculaire motoren werden onderzocht. Het onderzoek 
beschreven in dit proefschrift kan daarom een basis vormen voor toepassingen op lange 
termijn in de nanotechnologie, in het bijzonder in het gebied van elektrisch aangedreven, 
moleculair transport.  
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Summary 
The fascinating molecular machines in various biological systems, offer a source of 
inspiration for research on the control of translational motion and rotary motion at the 
nanoscale. In the last few decades, scientists have attempted to manipulate these complex 
biological machines, outside the cell, to perform work. These sophisticated examples of 
supramolecular bio-machines, capable of performing mechanical work thanks to rotational 
and processive motion, are highly encouraging for the development of fully artificial 
machine-like molecules. An artificial unidirectional rotary molecular motor system could 
be one of the notable members for future nanotechnology development. Unidirectional 
rotary molecular motors have thus far been developed using chemical, photochemical and 
electrical sources of energy.  
Many overcrowded alkenes molecules, which undergo photochemically-driven 
unidirectional motion, have been synthesized and studied in our group. The light-driven 
molecular motors show a full 360° unidirectional rotational motion, whereby the direction 
of rotation is controlled by the stereogenic center in the molecule. For instance, the second-
generation molecular motor 1 operates using an upper-half, called the rotor, with a chiral 
moiety (methyl group at 2’-position), which is connected by a central double bond (axle) to 
the asymmetric lower-half, called the stator (Schema 1). 
rotor
stator
axle
 
Scheme 4. Full 360° unidirectional rotary cycle of a light-driven motor 1. 
With this system, the unidirectional rotation of molecular motor 1 is performed through 
a four-step switching cycle: two photochemical cis-trans isomerizations (step 1 and 3), 
using UV-light, and each step is followed by a thermal helix inversion process (step 2 and 
4).    
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The major goal of this PhD research was to investigate new molecular motors with 
broad functions, applications and ultimately capable of performing controlled autonomous 
mechanical work upon energy input at the nanoscale.   
In chapter 1 an overview of the literature studies, covering development of several 
types of artificial molecular machines, which were inspired by nature and are of potential 
use in the nanotechnology field, is presented. The main part concerned the construction of 
artificial molecular machines (molecular rotors and molecular motors) in solution systems. 
The final part of this chapter provides a short overview regarding the applications of 
artificial molecular systems, and their potential towards the development of advanced 
molecular machinery using nanoscale motion. 
In chapter 2, new synthetic pathways to derivatize functional molecular motors are 
described. Two short procedures to synthesize intermediate upper-half functionalized 
molecular motors were explored. In addition, more complex molecular systems were 
prepared using these intermediate upper-half molecules, with a focus on the design of 
hybrid-motors. The aim was to investigate: 1) the aggregation behavior of porphyrin 
hybrid-motors under motor control (Figuur 1, compound 2); and 2) dynamic systems based 
on a molecule which comprises motor and rotor functions (Figuur 1, compound 3).  
 
Figure 4. Structure of molecular motor hybrids 2 and 3 for different applications. 
Chapter 3 described the synthesis and characterization of the molecular oscillator 4. 
The goal was to design a new molecular system in which translational motion is coupled to 
rotary motion via a catalytic event.  For this purpose a Pd-catalyzed allylic rearrangement 
was used.  Furthermore, a molecular system, whereby a catalytic event is coupled to a 
mechanical paddle-like motion (sigmatropic rearrangement of the allyl-acetate moiety and 
M and P interconversion of the biaryl unit) as shown in Schema 2 is also described. In the 
case of compound 4, we demonstrated how the palladium catalyst was able to oscillate the 
biaryl-allyl system, via allylic substitution involving an acetate group.  
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Scheme 5. Anticipated molecular oscillation of the biaryl-allyl ester 4 induced by a Pd-
catalyst. 
Chapter 4 focused on the synthesis and development of a reversible molecular motor 5 
in which the direction of rotation can be reversed by base-catalyzed epimerization. The key 
step was the base-catalyzed epimerization at the stereogenic centre of the molecular motor 
and as a consequence the complete reversal of the initial direction of the rotary process. 
This led to the first discovery of a light-driven molecular motor that can be switched to 
rotate through 360° in a preferentially clockwise (Schema 3a) or counter-clockwise 
(Schema 3b) unidirectional fashion, depending on the initial trigger employed. 
 
Scheme 6. Anticipation of controlled clockwise (a) and counterclockwise (b) rotary cycle 
of a molecular motor 5 by base-catalyzed epimerization. 
Finally, chapters 5 and 6 described the synthesis and photochemistry of motor based 
nanocar molecules.  Furthermore, visualisations of individual molecules, and their 
movement on surfaces, using scanning tunnelling microscopy (STM), were investigated. 
Each chapter described a different design of nanocars, 6 (Figuur 2a) and 7 (Figuur 2b), 
respectively. The synthetic challenge was the presence of four motor moieties within one 
molecule, including the chassis unit to connect them together. Two types of nanocars, with 
four molecular motor wheels, were synthesized and shown to be active upon photochemical 
activation in solution.  
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Figure 5. The 1
st design of flexible nanocar 6 and the 2
nd design of rigid nanocar 7. 
Moreover in chapter 6, the visualization of a single molecule nanocar 7 is shown as 
well as the study of this system on a surface with UHV-STM technique in order to examine 
whether directional translational movement can be achieved using external energy input 
(i.e. electrically-driven), as shown in Figuur 3. We have shown that directional translational 
movement originates from the concerted action of motor units. Our molecular machine can 
adopt to follow either linear or random trajectories or to remain stationary, by tuning the 
chirality of individual motor units.  
 
Figure 6. Random propulsion of a single molecule 7 after electronic excitation; a) Initial 
position of the nanocar 7 on a Cu surface, b) Trajectory of 40 individual steps of a single 
molecule 7, and c) Final position of the nanocar 7. 
Overall, the design, synthesis and study of new artificial molecular motors and 
machines were presented here. The systems described were mostly designed to control the 
directional rotary motion of molecular machines, using distinctive features of molecular 
motors. Many important properties and current limitations of motor compounds were 
identified, and the effect on the functional properties of these molecular motors, following 
modification of the structures, was highlighted. Therefore, the research described in this 
thesis may have great potential for the future and form the basis of long-term applications 
in nanotechnology particularly in the area of the electrically-driven molecular transporters. 
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